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Abstract 
The use of the microstrip antenna has grown rapidly for the last two 
decades, because of the increasing demand for a low profile antenna with 
small size, low cost, and high performance over a large spectrum of 
frequencies.  However, despite the advantages microstrip antennas provide, a 
number of technical challenges remain to be solved for microstrip antennas to 
reach their full potential, particularly if they are to be interfaced with monolithic 
circuits.  
 
The objective of this thesis is to examine novel methods for integrating 
and constructing broadband microstrip antennas, particularly at high 
microwave and millimeter wave frequencies where dimensions get very small 
and fabrication tolerances are critical.  
 
The first stage of the thesis investigates techniques to reduce the 
spurious feed radiation and surface wave generation from edge-fed patch 
antennas.  A technique to reduce the spurious radiation from the edge-fed 
patch antenna by using a dielectric filled cavity behind the radiating element is 
explored.  From this, a single element edge-fed cavity backed patch antenna 
was developed.  Measured results showed low levels of cross polarization, 
making it suitable for dual or circular polarization applications. Also, 
improvement in the E-plane co-polarized pattern was seen when compared to 
an edge-fed patch antenna on a thick substrate.  A 2 x 2 edge-fed cavity 
backed patch antenna array was also developed, which benefited greatly from 
 v
this new technique due to the extensive feed network required.  Measured 
results displayed a considerable reduction in the levels of cross polarization, a 
9 dB increase in gain, and alleviated radiation pattern distortion due to the 
reduction of the spurious radiation.   
 
Furthermore, investigation into edge-fed cavity backed patches on high 
dielectric materials was also conducted.  The measured impedance bandwidth 
of this edge-fed cavity backed patch is three times greater than the 
conventional edge-fed patch, and the gain increases to 5.1 dBi compared to 
3.6 dBi.  Further bandwidth enhancement of the single element edge-fed 
cavity backed antenna on high dielectric material was achieved by applying 
the hi-lo substrate structure.  The hi-lo substrate structure produced an 
increase in the bandwidth to 26% from the 1.7% of the single element edge-
fed cavity backed patch, while maintaining pattern integrity and radiation 
efficiency.  
 
Next, the development of a flip-chip bonding technique was 
investigated to enhance the fabrication accuracy and robustness of multilayer 
antennas on high dielectric materials.  This technique was proven through 
simulation and experiment to provide good impedance and radiation 
performance via the high accuracy placement of the superstrate layer.  The 
single element flip-chip patch antenna uses a high dielectric constant material 
for both the base and the patch superstrate, whereas the stacked flip-chip 
patch again uses a high and low permittivity material combination to achieve 
efficient wideband performance.  Due to the high permittivity feed material, 
 vi
these antennas display the attributes required for integration with MMICs.  
The measured 10 dB return loss bandwidth of the single element was 4% with 
a gain of 4.6 dBi, whereas the stacked flip-chip patch showed very broadband 
performance, with a bandwidth of 23% with a gain of 8.5 dBi.  The high 
accuracy placement and rigid attachment of the upper superstrate layer via 
the flip-chip bonding technique also enables these antennas to be scaled up 
to millimeter-wave operational frequencies. 
 
The final section of this thesis is focused on developing a fabrication 
technique to enable the creation of a low permittivity layer at a nominated 
thickness.  The purpose of fabricating these thin layers is that the minimum 
standard thickness of Rohacell foam comes at 1 mm.  At millimeter wave 
frequency the foam layer required for a hi-lo stacked patch antenna gets very 
thin.  Layers of ECCOSTOCK FPH material were created at 0.5 and 1 mm 
thick via a spin-forming technique.  Hi-lo stacked patch antenna were 
fabricated using these layers and compared directly to similar antennas using 
Rohacell foam.  The ECCOSTOCK FPH layer proved to be a very good 
replacement for the Rohacell foam as it can be used at millimeter wave 
applications where a thin layer is required, and behaved admirably as a 
microwave substrate for the stacked patch antenna. 
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Chapter 1 
Introduction 
 
1.1 General introduction 
The growing demands of commercial and government communication 
systems have called for the development of small, low profile antennas that 
are low cost and have high performance over a large range of frequencies.  
Such systems include, wireless LANs, multipoint distribution networks, 
satellite communication systems, radar systems, personal communication 
systems, and automotive radars.  Most of these applications require a small 
antenna with high performance, and commonly utilize high dielectric constant 
materials.  
 
 
 
 
 
 
 
 
 
Figure 1.1 General system configuration of wireless transceiver 
 
Figure 1.1 represents a general configuration of a wireless transceiver 
system, where many functions can be implemented monolithically on a single  
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semiconductor wafer.  Integrating these components on a single wafer not 
only miniaturizes the module but also reduces the assembly time and 
improves reliability.  Preferably, a single chip implementation of the entire 
functional block diagram, including the antenna would be advantageous.  
 
 
 
 
 
 
 
 
Figure 1.2 Functional block diagram of an RF transceiver  
 
The functional block diagram of an RF transceiver is presented in Figure 1.2. 
The function of the antenna is to convert an RF signal from a transmitter to a 
propagating electromagnetic wave or conversely, convert a propagating wave 
to an RF signal in a receiver.  A received signal is then amplified, filtered, 
downconverted, and passed to the modem.  A transmit signal follows the 
opposite path of the received signal and reaches the antenna through the 
duplexer. The duplexer is placed between the active devices and the antenna 
to isolate the transmit stage from the sensitive receiving stage and allow them 
to share a common antenna. 
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At millimeter wave frequencies the antenna and the circuit dimensions are 
physically small.  Therefore, it is possible to realize an entire transceiver 
system on a single semiconductor substrate by using integrated circuit 
processing techniques.  Conversely, to achieve a small antenna size, higher 
frequency signals approaching the millimeter wave region can be used.  
Another advantage of using the millimeter wave spectrum is the wide relative 
bandwidths available in this frequency range, which allow for large amounts of 
data to be transferred at high data rates.   
 
The integration of antennas with Integrated Circuits (ICs) or packages provide 
the benefit of improved performance and space efficiency in many microwave 
and millimeter wave designs.  However, the utilization of high dielectric 
constant materials has its drawbacks, such as narrow bandwidth and 
pronounced surface waves.  The excitation of surface waves reduces the 
antenna efficiency and degrades the antenna pattern.  Hence, the objective of 
this thesis is to design and develop efficient integratable microstrip antennas 
that maintain a broadband, with reduced substrate mode generation and be 
realized at very high frequencies. 
 
Microstrip patch antenna has been the focus of recent development because 
they exhibit many advantages that cannot be found in other forms of 
antennas.  Some of these advantages are the wide variety of possible designs 
in terms of (operating frequency, polarization, pattern, and impedance), 
compactness, lightweight, simple and cost effective fabrication, and also  
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compatibility with the millimeter wave and microwave integrated circuits and 
have the ability to conform to planar and non-planar surfaces.  For certain 
applications the antenna and feed can be etched on a single layer resulting in 
a compact and easily fabricated structure.  Further more, for the last couple of 
years the trend in the communication area is the trend towards increased 
integration, due to the availability of Monolithic Microwave Integrated Circuits 
(MMIC’s).  Because of such circuits that microwave personal communication 
systems have become affordable.  In the drive towards higher frequencies, 
integratability and smaller size components, one area that has been given 
particular attention is the antenna.  The field of antenna engineering is the 
central bone to all wireless technology and plays a significant role in the 
successful development of such systems.  Therefore microstrip antennas 
employed in a wide range of applications in military and in civilian sectors, 
from communication systems in radars, satellites, mobile phones and other 
communication devices.      
 
1.2 Microstrip antennas  
The idea of the microstrip antenna was proposed by Deschamps in 1953 [1, 
2].  However, microstrip antennas did not receive considerable attention until 
the late 1960’s and the early 1970’s [3-7], when Denlinger, Howell, and 
Munson reported work done on microstrip patches.  In 1977, Shen et al. 
developed a circular microstrip patch antenna and a formula for determining 
the effective patch radius (due to fringing fields) and, thus, the resonant 
frequency of the structure [8].  In the early 1980s basic microstrip antenna  
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elements well established in terms of designs and modeling to improve the 
performance of the antenna features.  The work by Munson [9] in the early 
1970’s on application of microstrip antennas as low profile flush mounted 
antennas on rockets and missiles started a new antenna industry.  Over the 
years microstrip antennas of different geometries have been developed and 
published where in all these applications the basic structure of the microstrip 
antenna remained the same as shown in Figure 1.3.    
 
 
 
 
 
 
 
 
Figure 1.3 Conventional microstrip antenna structure 
 
A conventional microstrip antennas consist of a metallic patch separated by a 
dielectric substrate from the metallic ground plane. With this simple structure 
microstrip antenna offers many advantages that can not be found in other 
antennas, such as light weight, easy to fabricate, inexpensive and can be 
conformable to planar and non-planar surfaces. Another advantage is the 
compatibility with monolithic microwave integrated circuit.  However, despite 
the advantages microstrip antenna has, there are some disadvantages that 
limit its performance such as its inherently narrow bandwidth (only a few  
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percent), spurious feed radiation, poor polarization purity, and low gain.  
Therefore, much research work has been put into efforts to overcome these 
problems.   
 
1.2.1 Feeding Technique 
The choice of feed is an important part of the overall microstrip antenna 
design.  There are several feeding technique have been developed for 
microstrip antenna [10, 11].  Most often it is the feed technique that 
determines the complexity of the microstrip antenna design.  The most 
popular feed techniques are the microstrip line, coaxial probe, aperture 
coupling, and proximity coupling [12-13], [10]. 
 
 The simplest and most commonly used feed technique is the microstrip 
transmission line which is connected directly to the edge of the patch to 
induce excitation.  The advantage of this is that the feed and the patch can be 
fabricated in the same substrate layer where many planar arrays have been 
developed using this feeding structure.  However, the disadvantage is narrow 
impedance bandwidth.  Inset feed is one in which the microstrip transmission 
line is inset into the patch [11] to provide the right impedance match between 
the patch and the feed line. 
 
 The probe fed technique is very similar to the edge-fed in operation; the 
coaxial cable is connected directly to the patch through a hole in the substrate 
and the outer shield grounded by connecting to the microstrip ground plane.  
The advantage is that the point of excitation is adjustable, which enables the 
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designer to control the impedance match between the feed and antenna, 
mode of operation, excitation frequency and polarization.  However, the 
disadvantage is narrow impedance bandwidth.  [14].  
In aperture coupled feeding, the feed line is separated from the patch by the 
ground plane.  The excitation of the patch is accomplished by coupling energy 
from a feed line through a slot in the ground plane.  To avoid cross-
polarization the coupling aperture is centered under the patch.  It is a multi-
layered design, where the patch and the feed line are designed independently 
[15].  The disadvantage is the degradation of front-to-back ratio when the slot-
width is increased for greater impedance bandwidth.  
 
The proximity coupling feed has a feed line sandwiched between two different 
substrates.  The ground plane has no slots so its front-to-back ratio is much 
greater than aperture-coupled and slot antennas.  The proximity coupled 
antenna consists of two layers, it has a feed layer which is a microstrip line 
with a backing plane, and the upper layer is the main radiating patch.  The 
coupling is primarily capacitive in nature [15].  Its typical impedance bandwidth 
is around 13% [10, 15], and has significant advantages to MMIC because of 
small footprint.  The fabrication complexity however is greater than any of the 
previous designs.  
 
1.3 Thesis Motivation      
The trend in wireless communication systems is to develop a low profile 
antenna with lightweight, small size and low cost with high performance.  The  
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widespread utilization of microstrip antennas in these systems stems from 
their simplicity, and their compatibility with millimeter wave and microwave 
applications.  However, despite the advantages microstrip patch antennas 
provide, they do have some limitations that restrict their applications, such as 
inherently narrow bandwidth (typically 1-5%)  [16-22], low gain, spurious feed 
radiation and poor polarization purity.  These are particularly pertinent for 
antennas to be used in millimeter wave and microwave integrated circuits.  
Furthermore the performance of the antenna depends on the substrate used.  
The most desirable substrate for optimal microstrip antenna performance is 
thick, low dielectric constant and low loss tangent materials.  Such a material 
results in a high efficiency and a large bandwidth [23].  This comes at the cost 
of larger antenna volume.  On the other hand, the use of thin substrate with 
high dielectric constants reduces the size of the antenna and is compatible 
with MMIC structures [23].  However, this leads to smaller obtainable 
bandwidths and a less efficient antenna due to the surface wave being 
launched.  This is because the electrical dimensions, substrate parameters, 
bandwidth, and gain of microstrip antenna are related through fundamental 
physical laws, which act upon the variation of parameters and obey Maxwell’s 
equations.  The exploitation of the fundamental laws is very important in order 
to design an efficient antenna.   
 
For the last couple of decades researchers have developed several methods 
to increase microstrip antenna bandwidth, [24-27].  The simplest and straight 
forward approach is to increase the thickness of the substrate with a low  
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dielectric substrate but this will excite surface waves which diminish the 
efficiency of the antenna.  Other techniques include the use of the aperture 
coupled [28, 29] and the coplanar parasitic patches and stacked patches [1].  
Very wide bandwidths in excess of 50% have been reported by the use of the 
Aperture Stacked Patch (ASP) configuration [30].  However, ASP antennas 
generate unwanted back radiation resulting in a radiation pattern with poor 
front-to-back ratio because of the use of the resonant aperture in the ground 
plane.  High levels of back radiation can have serious implications when 
placing the antenna in a package, or integrating it into a sub-system.  Several 
attempts have been used to overcome this problem.  For instance, using a 
shielding plane behind the antenna reduces the back radiation, but this will 
reduce the efficiency of the antenna.  Similar shielding can be achieved by 
enclosing the aperture in cavity.  Another method used to improve the front-to-
back radiation is by placing an element of a microstrip antenna behind the 
aperture as a “reflector.”  This technique has been used at microwave 
frequencies with single elements and arrays [31, 32].  However, these 
techniques have had varying degrees of success.  
 
Furthermore the utilization of microstrip antennas on high dielectric constant 
substrate also suffers from narrow bandwidth.  Using a thick substrate will 
overcome this problem but this will excite surface waves which will affect the 
efficiency of the antenna.  The probability of the surface wave formation 
increases by the increase of the substrate thickness [13].  These surface 
waves cause a reduction in radiation efficiency and the antenna radiation 
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patterns deteriorate due to diffraction of these waves at substrate and ground 
plane edges. 
 
Promising efforts to limit the loss in antenna efficiency caused by surface 
waves generation have been proposed by using electromagnetic band gap 
(EBG) substrates [33], “soft-surface” structures [34] and by the use of a 
synthesized substrate [35].  These synthesized substrates can be designed in 
such a way that they lower the effective dielectric constant of the material 
either under or around the patch [36, 37], or so they provide a band of 
frequencies when surface waves are prohibited from propagating [38].  
However, most of these approaches are not fully compatible with standard IC 
or package processing and consume precious chip area, impeding more 
aggressive integration of antennas with established peripheral circuits.  
 
The task of designing a suitable antenna for MMIC integration applications 
becomes much more challenging.  Typically, MMIC substrate are electrically 
thin, and of high dielectric constant.  Not only is this not conducive to optimal 
antenna performance, but the close proximity of the other microwave 
components and packaging materials further degrade to capabilities of the 
antenna.  A MMIC can be defined as a microwave circuit in which the active 
and passive components are fabricated on the same semiconductor wafer.  
Active Integrated Antenna (AIAs) [39] are good example for designing 
compact integrated systems for wireless applications as because it is possible 
to construct all of the microwave components, including the antenna,  
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 amplifiers, oscillator and mixer on a single semiconductor wafer.  However, 
the many limitations alluded to above have to be overcome in order to design 
microstrip antennas at microwave or millimeter wave frequencies on 
semiconductor substrates.  At millimeter wave frequencies, additional issues 
have to be overcome in order to design a microstrip antenna with acceptable 
performance [40] on high dielectric substrate such as small physical size, 
amount of wafer space consumed and fabrication tolerances.  Millimeter wave 
stacked patch antennas are susceptible to misalignment, where the 
placement of the upper substrate layer is crucial to obtaining a wide 
bandwidth response. 
 
There have been relatively few attempts to realize MMIC compatible 
antennas.  Single layer substrate aperture coupled printed antennas [41-43] 
have demonstrated impedance bandwidths of less than 3%.  As of the 
efficiency/gain of the structures is generally not quoted, the surface wave 
activity of these antennas is difficult to determine.  Aperture coupled printed 
antennas that utilize multiple semiconductor substrates can exhibit a range 
impedance bandwidths [44-46].  This technique uses air filled cavities created 
between the aperture and the parasitic patch element, reducing the patch 
substrates relative dielectric constant.  Significant surface wave levels are 
apparent in the structures with wider bandwidths [45, 46], the consequence 
being distorted radiation patterns, reduced efficiency (less than 60%) and an 
irregular impedance response.  Low Temperature Co-fired Ceramic (LTCC) 
has been widely used in the industries which offer many advantages to 
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microwave and millimeter wave applications including low loss and high 
density integration. 
 
The quasi-Yagi element [47, 48] displays extremely broadband performance 
on high dielectric constant material, with an impedance bandwidth 
approaching 50%.  However, it is possible that there is some surface wave 
generation, as the gain of the antenna is moderate (3-5 dBi).  This antenna 
also operates in end-fire mode, which may stimulate parasitic effects and 
packaging problems at higher microwave or millimeter wave frequencies.   
 
Two MMIC compatible printed antennas structures on high dielectric constant 
fed have been reported.  The CPW fed ASP [49] and the Hi-lo stacked patch 
[50] both exhibit high efficiency, low surface wave loss, and wide bandwidths.  
The CPW fed ASP suffers from a low front-to-back ratio, which has mentioned 
previously, can complicate the packaging of the MMIC integrated antenna.  
The Hi-lo stacked patch has a smaller impedance bandwidth than the CPW 
fed ASP (around 25% compared to 40%), but still significantly exceeds most 
communications application requirements.   
 
High and low dielectric constant materials have been used in [51] to obtain a 
very low boresight axial-ratio for both single element antennas and a 2 x 2 
array.  However, the permittivity that has been used (6.15) is not high enough 
to emulate semi-conductor MMIC materials for integratable antennas.  These 
antennas, along with the others mentioned above, have not taken into 
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account the influence of the fabrication processes, packaging, shielding, and 
other system components have on antenna performance. 
 
Hence, major dilemmas still impeding the creation of MMIC compatible 
antennas are: 
• Small physical size at high (millimeter wave) frequency. 
• Layer alignment in multi-layered antennas. 
• Large amounts of space consumed on the MMIC wafer. 
• Fabrication of low dielectric films for antenna substrate materials. 
• The influence of materials surrounding the antenna. 
 
The objective of this thesis is to address these issues and invent novel 
fabrication processes that enable efficient, broadband MMIC compatible 
antennas to be realized at very high frequencies. 
 
1.4 Thesis Organization  
This thesis is organized into five chapters. 
 
Chapter 1 gives a general introduction and describes the problems associated 
with the microstrip antenna.  It presents a general review for the previous work 
and states the objective and the outline of this thesis. 
 
Chapter 2 introduces an antenna structure that mitigates spurious radiation 
issues when thick substrates are used.  New designs are discussed and 
techniques are presented to improve radiation pattern and antenna efficiency.  
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In addition, 2 x 2 antenna array is presented.  Also in this chapter is further 
investigation into edge-fed cavity backed patches on high dielectric materials 
is presented.  Bandwidth enhancement of this edge-fed cavity backed on high 
dielectric materials using the hi-lo structure technique is also presented.  
 
Chapter 3 presents a technique that enhances the performance of a microstrip 
antenna by the accurate and robust placement of dielectric materials in multi-
layer configuration.  The design and fabrication of a single and stacked patch 
antenna with proximity coupled feed realized via flip-chip bonding technique 
will be presented in this chapter.  The single element patch antenna utilizes 
two high dielectric materials flip-chip bonded together.  The flip-chip bonding 
technique used to enhance the antennas performance is discussed.  The 
antennas are compatible with MMIC due to the high permittivity materials 
used as a feeding substrate.  A stacked patch antenna which incorporates 
high and low permittivity materials to enhance the impedance bandwidth is 
also presented in this chapter, and is constructed using the flip-chip bonding 
process.   
 
Chapter 4 presents a Hi-lo stacked patch antenna utilizing a new layer of 
ECCOSTOCK FPH High Temperature Foam-in-Place Liquid.  This enables 
the creation of a very thin low permittivity intermediate substrate.  In this 
chapter a new technique for constructing stacked patch antenna compatible 
with MMICs is investigated.  A Rohacell foam substrate will be replaced with 
the fabrication of the High Temperature Foam-in-Place Liquid as an 
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alternative substrate.  Also in this chapter the process of fabricating the 
ECCOSTOCK FPH layer is presented.  
 
Chapter 5 presents a summary of the conclusions drawn from the work of this 
thesis and suggestions for future work.  
 
1.5 Original Contribution  
The major contributions of this thesis are as follows: 
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• A. S. Elmezughi, W. S. T. Rowe and R. B. Waterhouse, 
“Demonstration of the Improvement in Radiation Performance of Edge-
fed Patch Arrays by using Cavity Backed Configurations”, submitted to 
IET Microwaves, Antennas & Prop., March, 2008.  (Chapter 2, Section 
2.3). 
• A. S. Elmezughi, W. S. T. Rowe and R. B. Waterhouse, “Further 
Investigations into Edge-Fed Cavity Backed Patches”, IEEE AP-S 
International Symposium on Antennas and Propagation Honolulu, 
Hawaii, USA, pp. 920-923, June 10-15, 2007.  (Chapter 2, Section 2.3-
2.4). 
• A. S. Elmezughi, W. S. T. Rowe and R. B. Waterhouse, “Cavity Backed 
Hi-Lo Stacked Patch Antennas” submitted to IEEE Antennas & Prop., 
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 17
Chapter 2 
 
Reduction of Spurious Radiation from Edge-fed Patch 
Antennas using Cavity Backing 
  
2.1 Introduction 
The previous chapter has addressed the techniques that have been used to 
enhance the bandwidth and reduce the surface waves of microstrip antennas.  
Several methods have been proposed to deal with these problems, however a 
number of technical challenges remain to be solved for microstrip antennas to 
reach their full potential as an integrated component.  
 
This chapter will investigate and advance these methods to provide a 
wideband antenna structure with emphasis on reducing the spurious radiation 
from an edge-fed patch on thick substrate materials.  The design of a cavity 
backed structure capable of reducing the feed radiation from edge-fed patch 
antennas which can be of particular benefit to antenna arrays, is presented in 
this chapter.  Also in this chapter, an investigation into edge-fed cavity backed 
patches on high dielectric materials is conducted which leads to the 
introduction of a novel integratable patch antenna.   
 
Microstrip patch antennas are used in many different applications in both the 
military and the civil sectors, primarily due to their structural simplicity.  One of 
the feeding architectures commonly used is the edge-fed configuration, where  
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the feeding network is attached directly to the radiating element and is etched 
on the same side of a microwave substrate.  This structure has the advantage 
of being monolithic and provides good polarization characteristics. 
 
Many planar arrays have been developed using this feeding structure [52, 53], 
where the corporate feed network and the radiating patches are etched on 
one board using a single processing step.  This technique is particularly useful 
when the manufacturing cost is a consideration.  However, edge-fed 
microstrip patch antennas typically suffer from a narrow impedance bandwidth 
of only a few percent [23]. 
 
A simple way to improve the impedance bandwidth is to increase the 
thickness of the substrate between the patch and the ground plane.  However, 
this procedure gives rise to another problem in the generation of surface 
waves [23].  These surface waves cause a reduction in radiation efficiency 
and the antenna radiation patterns deteriorate due to diffraction of these 
waves at substrate and ground plane edges.  Increasing the thickness of the 
substrate will also lead to an increase in the width of the feed line to maintain 
50 Ω characteristic impedance.  As a consequence of this wide feed line, 
elevated levels of spurious radiation are generated from the feed which 
reduces the antenna efficiency and disturbs the radiation pattern of the patch.   
Hence, these unwanted wide feed lines affect the efficient transformation of 
power to the patches, especially in an array configuration [54].  A reduction of 
feed radiation was observed in [55] by using a modified implementation of the  
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sequential rotation feed.  Also in [54, 56] a dual thickness substrate technique 
was proposed to reduce the spurious feed radiation from edge-fed patch 
antennas while maintaining a reasonable impedance bandwidth. 
 
Cavity backed microstrip antennas have improved performance in terms of 
bandwidth and radiation efficiency compared to conventional microstrip patch 
antennas [57-60].  The radiation efficiency of the antenna decreases due to 
the power carried away by the surface waves.  One approach is based on the 
cavity backed antennas, in which the metallic walls are placed surrounding the 
patch to avoid the surface wave propagation and enhance the radiation 
efficiency.  Cavity backed patch elements can improve isolation in array 
scenarios, are mechanically rugged, and display good thermal performance 
[59]. 
 
In this chapter it is proposed that a dielectric filled cavity is placed behind an 
edge-fed patch element to effectively increase the thickness of the antenna 
substrate without increasing the width of the majority of the microstrip feed 
line.  This would not just improve the antenna bandwidth, but enable the 
spurious radiation from the feed to be restricted to low levels.  It will be shown 
that with this architecture a significant reduction in spurious radiation from an 
edge-fed patch antenna will be achieved [61].  Because of the two 
dimensional symmetry of the patch and cavity, a dual or circularly polarized 
printed antenna can be developed by using orthogonal feed points.   
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Furthermore, this configuration will also benefit planar edge-fed antenna 
arrays due to their extensive corporate feeding network.    
 
Section 2.2 of this chapter presents the design configurations of an edge-fed 
patch antenna on a thick substrate, and an edge-fed cavity backed patch 
antenna and compares the performance of these two antennas.  The 
comparison is performed in terms of the return loss bandwidth and the 
radiation performance.  The configuration of two antenna arrays constructed 
from the unit elements given in Section 2.2 is also presented.  The 
performance and comparison between the conventional array and the cavity 
backed solution is discussed and presented in this section.  Section 2.3 
discusses a novel patch antenna on high dielectric constant material as a 
consequence of the results presented in Section 2.2.  The configuration and 
performance of this novel patch antenna is illustrated in this section.  Section 
2.4 presents the cavity backed hi-lo stacked patch antenna to further enhance 
the bandwidth of the edge-fed cavity baked patch antenna presented in 
Section 2.3.  The structure and characteristics of this cavity backed hi-lo 
stacked patch antenna is discussed and presented.  The conclusions of this 
chapter are drawn in Section 2.5. 
 
2.2 Edge-fed patch antenna configurations 
A new edge-fed patch antenna that mitigates spurious radiation issues when 
thick substrates are used to create the antenna is discussed in this section.  
The radiator can be classified as an edge-fed cavity backed patch, where a 
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thin substrate is used to realize the microstrip feed line ensuring narrow track 
widths and subsequently decreasing spurious feed radiation from the antenna.  
 
A technique has been proposed in [54] to reduce the spurious radiation from 
the edge-fed patch antenna by using a dual thickness substrate.  In this 
configuration the majority of the feed network resides on a thin substrate and 
then a transition is made to a thick substrate for the patch element.  This 
technique showed a significant reduction in the radiation levels from the feed 
network at the same time preserving a reasonable impedance bandwidth.  
However, this technique is only a one dimensional version of thin to thick 
substrate transition.  In this section, a two dimensional version of thin to thick 
substrate transition to reduce the spurious radiation from the edge-fed patch 
antenna is investigated.  With this technique a dual or circularly polarized 
printed antenna can be developed by using orthogonal feed points, and this 
configuration will also benefit planar edge-fed antenna arrays due to their 
extensive corporate feeding network. 
 
2.2.1 Configuration of an edge-fed patch on a thick substrate  
It is very well known that to improve the impedance bandwidth of an edge-fed 
microstrip antenna is by increasing the thickness of the grounded substrate.  
However, this leads to several undesirable consequences.  The larger 
contribution to surface waves which leads to decreased efficiency of the 
antenna.  Another consequence of incorporating electrically thick substrate is  
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the width of the microstrip line feeds increases.  Figure 2.1 illustrates the 
geometry of an edge-fed patch microstrip antenna on a thick, low dielectric 
constant material at 5 GHz.  A 50 Ω microstrip feed line with a width of 9.4 
mm and a square patch of 20.3 mm x 20.3 mm are fabricated on a 3.175 mm 
thick Rogers RT/Duroid 5880 (εr = 2.2) substrate.  A 100 x 100 mm ground 
plane is located on the reverse side of the substrate.  Note that a 148 Ω 
impedance transformation (the thin section of the feed line) is used within the 
transmission line to enable the wide 50 Ω feed lines to be connected directly 
to the edge of the radiating patch, and not be inset into the radiating patch.  
With this configuration a dual or circularly polarized printed antenna can be 
developed with the addition of an orthogonal feed line.  
 
                 Figure 2.1 Thick edge-fed patch antenna 
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2.2.2 Configuration of an edge-fed cavity backed patch antenna  
As mentioned previously, increasing the thickness of the substrate will lead to 
an increase in the width of the feed line to maintain 50 Ω characteristic 
impedance.  As a consequence of this wide feed line, elevated levels of 
spurious radiation are generated from the feed which reduces the antenna 
efficiency.  To reduce the spurious radiation and ensure a narrow track of the 
feed line, an edge-fed cavity backed patch antenna is proposed, and is shown 
in Figure 2.2.  A 50 Ω microstrip feed line of 0.8 mm width and an 18.2 mm x 
18.2 mm patch are etched on a Rogers RT/Duroid 5880 dielectric layer with a 
thickness of 0.254 mm.  A cavity of 28.2 x 28.2 mm with a depth of 3.175 mm 
is situated under the patch, within a 100 mm x 100 mm ground plane.  The 
cavity is filled with Rogers RT/Duroid 5880 material.  Unlike in Figure 2.1 a 
transition to a wide 50 Ω feed line was not made for the thick substrate inside 
the cavity.  The cavity extended by only 5 mm from the edges of the radiating 
patch to reduce the area where the transmission line is no longer 50 Ω, due to 
the overall thickness of the substrate and the dielectric filled cavity.  Ansoft 
HFSS (version 9.2) has been used to design the antennas shown in Figures 
2.1 and 2.2.  A photograph of the edge-fed cavity backed antenna is shown in 
Figure 2.3.   
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Figure 2.2 Edge-fed cavity backed patch antenna 
 
 
Figure 2.3 Photograph of the developed edge-fed cavity backed patch antenna 
 
A parameter study was conducted for the proposed antenna to investigate the 
impact of the cavity.  The proximity of the cavity walls to the patch and also 
the depth of the cavity were analyzed in terms of their impact on the return 
loss and radiation performance of the antenna.  Figures 2.4(a) and (b)  
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summarize the general impact of the cavity on the return loss.  As the cavity 
size increases relative to the patch (in this case set to 18.2 mm x 18.2 mm) 
the resonance is lowered to closer to that of the conventional edge-fed patch 
case (near 4.9 GHz).  Intuitively this makes sense; as the cavity walls are 
brought closer to the patch, the field distribution changes from that seen for a 
conventional patch antenna to a variation of circumferential slot radiator.  This 
also explains why the return loss changes.  For the large cavity area case we 
have increased the section where the 50  feed line has no ground-plane, so 
as expected the return loss will degrade.  Also shown in Figure 2.4(b) are 
cases when the cavity depth is varied (with the size of the cavity set to 28.2 
mm x 28.2 mm).  This trend is similar to increasing the substrate thickness of 
a conventional patch while maintaining the size of the patch; as the thickness 
increases the resonant frequency decreases. 
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Figure 2.4 Parameter study of impact of cavity dimensions on return loss 
performance   (a) varied cavity area    (b) varied cavity depth  
 
2.2.3 Performance and comparison of the edge-fed cavity backed and        
         thick edge-fed patch antenna 
As stated previously, placing a dielectric filled cavity behind an edge-fed patch 
element can effectively increase the thickness of the antenna substrate 
without increasing the width of the majority of the feed line.  This will improve 
the antenna bandwidth, and enable the spurious radiation from the feed to be 
restricted to low levels.  To illustrate the behavior of the return loss with this 
structure, Figure 2.5 shows the simulated return loss results for both the edge-
fed cavity backed and thick edge-fed patch antenna, and Figure 2.6 shows 
the measured return loss performance of the two antennas.  The measured 10 
dB return loss bandwidth for the edge-fed patch antenna on a 3.175 mm thick 
substrate was 2.4 %, centered at approximately 4.9 GHz.   
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The simulated result for the same antenna shows a 2.1 % impedance 
bandwidth centered approximately at the same frequency (4.9 GHz), which is 
in good agreement with the measured result.  However, the edge-fed cavity 
backed patch antenna has a measured bandwidth of 2.2 % with a center 
frequency of 5.4 GHz, where the simulated result shows a 4 % bandwidth 
centered at 5.1 GHz.  The measured bandwidth for both cases is almost the 
same because in the cavity backed solution the dielectric substrate residing 
within the cavity approximates the thickness of the dielectric used for the thick 
edge fed patch antenna.  At higher frequencies, the return loss of the thick 
edge-fed patch antenna does not approach 0 dB due to surface wave 
generation in the thick substrate.  However, the edge-fed cavity backed patch 
antenna has a good response at higher frequencies due to the use of the 
cavity, with the exception of a small dip at 6.1 GHz (possibly due to the 
transition at the cavity edges).  
             
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
4.2 4.4 4.6 4.8 5 5.2 5.4 5.6
Frequency (GHz)
|S 1
1|(d
B)
Edge-fed cavity backed Thick edge-fed
 
Figure 2.5 Simulated return loss of the thick edge-fed patch and the edge-fed 
cavity backed patch antenna 
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Figure 2.6 Measured return loss of the thick edge-fed patch and the edge-fed 
cavity backed patch antenna  
 
To illustrate the reduction in feed radiation, HFSS simulations of the E-field 
magnitude in the E-plane of the thick edge-fed patch and the edge-fed cavity 
backed patch antennas are compared in Figure 2.7.  The microstrip feed line 
radiation from the thick edge-fed patch antenna is evident on the left hand 
side of Figure 7(a).  The E-field extends quite a distance away from the 
surface of the feed line into the air, indicating excessive feed radiation.  In 
Figure 7(b), the E-field is seen to be tightly confined to the microstrip line 
mode.   
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Figure 2.7 Feed radiation comparisons for (a) the thick edge-fed patch and (b) 
the cavity backed patch antenna 
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Figures 2.8 and 2.9 present the measured far field radiation patterns of the 
thick edge-fed patch antenna and the edge-fed cavity backed patch antenna 
at 5 and 5.5 GHz respectively.  The patterns are all normalized to a gain of 5 
dBi.  The measured gain at 5 GHz for the thick edge-fed patch antenna on a 
thick substrate was 1.4 dBi, and a 4.9 dBi gain was measured for the edge-fed 
cavity backed patch at 5.5 GHz.  The increased gain of the cavity backed 
antenna is due to the reduction of the spurious radiation and surface wave 
generation which leads to an improvement in the antenna efficiency.  
 
For the thick edge-fed patch in Figure 2.8(a), it is observed that the E-plane 
co-polarization pattern exhibits distortion (~ 10 dB) at 25 degrees from 
broadside, as a consequence of the elevated level of spurious radiation.  
However Figure 2.9(a) shows a significant improvement in the E-plane co-
polarization for the edge-fed cavity backed patch due to the reduction of the 
spurious radiation from the feed line, because of the use of the cavity allows a 
thin substrate to be used for the feeding network.  Higher levels of cross 
polarization can also be observed from Figure 2.8 in both E and H-planes of 
the thick edge-fed patch antenna, than for the cavity backed antenna in Figure 
2.9.  The higher levels of cross polarization will affect the radiation 
performance of a dual or circularly polarized antenna constructed using this 
configuration.  
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Figure 2.8 Measured far field radiation patterns of the thick edge-fed patch 
antenna at 5 GHz (a) E-plane   (b) H-plane 
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Figure 2.9 Measured far field radiation patterns of the edge-fed cavity 
backed patch antenna at 5.5 GHz (a) E-plane   (b) H-plane 
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2.2.4 Configuration and Performance of 2 x 2 Antenna Arrays  
Due to the reduction of the spurious radiation and the thin track used to feed 
the edge-fed cavity backed patch radiator, this technique is great benefit to 
antenna arrays where the area consumed by the distribution network must be 
minimized to ensure good radiation performance.  A 2 x 2 cavity backed patch 
antenna array that is constructed from the unit element described in Section 
2.2.2 is shown in Figure 2.10.  Four identical patches which are 18.2 mm x 
18.2 mm in size and spaced at approximately 0.8 λo, are fed with by feed lines 
of 0.8 mm width.  To conserve real estate on the substrate, the patches are 
fed from the center of the array.  Hence the polarity of the feed signals must 
be reversed to the opposing patches.  This is achieved via a 180 degree 
phase delay in the 100 Ω section of the feed line.  The 180 degree phase 
delay and the impedance transformation sections have widths of 0.23 and 
0.45 mm respectively.  The antennas and the corporate feed network are 
etched on a thin Roger RT/Duroid 5880 dielectric substrate with a thickness of 
0.254 mm.  Similar to the single element cavity backed antennas the cavities 
are 28.2 mm x 28.2 mm with a depth of 3.175 mm, and are filled with Rogers 
RT/Duroid 5880 material.  Figure 2.11 shows a photograph of the fabricated 2 
x 2 edge-fed cavity backed patch antenna array.     
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Figure 2.10   A 2 x 2 edge-fed cavity backed patch antenna array 
 
 
Figure 2.11   Photograph of the developed 2 x 2 array antenna 
 
For comparison purposes, a 2 x 2 edge-fed patch antenna array was 
designed on a thick substrate and simulated using Ansoft HFSS (version 9.2).  
The configuration of this antenna is shown in Figure 2.12.  The patch 
elements and feed lines are etched on the top of a 3.175 mm thick Rogers 
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RT/Duroid 5880 substrate, and a 106 mm x 100 mm ground plane is located 
on the reverse side.  The patch element sizes are 20.3 mm x 20.3 mm and 
are also spaced at approximately 0.8 λo, with a 9.4 mm microstrip feed line 
width for 50 Ω.  The antenna elements are fed from the opposite side to the 
cavity array because of the wide feed line structure requiring more space.  As 
can be seen from Figure 2.12 the use of thick substrate leads to a very wide 
feed lines, exacerbating the feed radiation concerns due to the vast corporate 
feed network of the antenna array.  Due to this, the poor simulated 
performance, and considering the large amount of substrate consumed by the 
feed network, a decision was made not to construct the 2 x 2 array of thick 
edge-fed patches. 
Figure 2.12   A 2 x 2 edge-fed patch antenna array on a thick substrate 
 
 
 
The 10 dB simulated return loss for the 2 x 2 edge-fed patch antenna array on 
a thick substrate and the simulated and measured results for the 2 x 2 cavity  
Patch 
Impedance 
transformation 
Feed line 
Phase delay 
Ground plane 
Substrate 
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backed patch antenna array are depicted in Figure 2.13 and Figure 2.14.  The 
2 x 2 edge-fed patch antenna on a thick substrate has an impedance 
bandwidth of 5.4% with a center frequency of 5 GHz.  The erratic dips in the 
response of Figure 2.13, and the fact that the return loss is never less than 6 
dB (even at frequencies well away from resonance) indicates significant 
power leakage due to the excitation of surface waves and radiation from the 
wide feed lines.  In Figure 2.14 there is little indication of a surface wave 
generation or feed radiation.  The 2 x 2 cavity backed patch has a simulated 
bandwidth of 3.8% at a center frequency of 5.1 GHz, and a measured result of 
2.7% centered at 5.2 GHz.  The small dips located at 4.6/4.7 GHz are possibly 
due to the feed line substrate thickness transition at the cavity edge.  
However, the simulated and measured return loss is in close agreement and 
the slight discrepancy between them owed to the air gaps created in the 
formulation of the multi-layer configuration. 
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Figure 2.13 Simulated return loss of 2 x 2 thick edge-fed patch arrays 
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Figure 2.14 Simulated and measured return loss of 2 x 2 cavity backed patch 
array 
 
Figure 2.15 depicts the simulated far field radiation patterns results of 2 x 2 
edge-fed patch antenna arrays on a thick substrate.  The simulated and 
measured radiated fields for the 2 x 2 edge-fed cavity backed patch antenna 
array are shown in Figure 2.16 and in Figure 2.17 respectively.  The radiation 
patterns in Figures 2.15, 2.16 and 2.17 are normalized to the maximum gain 
value of the edge-fed cavity backed patch antenna to highlight the difference 
in the efficiency (gain) of the two antennas.  The 2 x 2 edge-fed patch antenna 
arrays on a thick substrate exhibits a significant distortion in both the E-plane 
and H-plane co-polarized patterns due to the spurious feed radiation.  A 
considerably higher level of cross-polarization in the E- and H-planes is also 
observed in Figure 2.15(a) and (b) than in Figure 2.16 and Figure 2.17(a) and 
(b).   
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The measured radiation patterns in Figure 2.17 show that the shape of the co-
polar patterns are far superior to the simulated radiation patterns of Figure 
2.15 for the thick substrate array, which is attributable to the use of the cavity 
and the thin feed line network.  Furthermore, the simulated and measured far 
field radiation patterns of the 2 x 2 edge-fed cavity backed patch array in very 
close agreement.  The cross-polarization levels are more 25 dB lower than the 
co-polar levels in the main beam of the array.  Also, the gain is approximately 
9 dB greater at broadside for the cavity backed patch array.  The simulated 
gain was 4.6 dBi for the 2 x 2 array on a thick substrate, and 13.4 dBi for the 2 
x 2 cavity backed patch array.  The results confirm that the new edge-feeding 
patch configuration can give similar results to the ideal case for a 2 x 2 array 
(with no feed) which yields a directivity of 13.7 dBi, highlighting the usefulness 
of the proposed technique. 
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Figure 2.15  Simulated far field radiation patterns of  2 x 2 edge-fed patch array 
on a thick substrate (a)  E-plane  (b)  H-plane 
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Figure 2.16 Simulated far field radiation patterns of 2 x 2 edge-fed cavity 
backed patch array (a)  E-plane  (b) H-plane 
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Figure 2.17  Measured far field radiation patterns of a 2 x 2 edge-fed cavity 
backed patch array (a)  E-plane  (b)  H-plane 
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2.2.5 Summary of thick edge-fed and cavity backed antennas  
A cavity backed structure capable of reducing the spurious radiation from 
edge-fed patch antennas is presented.  The feeding network and the radiating 
element are etched on a thin microwave substrate and a dielectric filled 
metallic cavity is placed under the patch within the ground plane.  It is shown 
that with this configuration the spurious radiation from an edge-fed patch 
antenna can be reduced and a gain improvement of 3 to 3.5 dB is achieved 
over a conventional patch design on a thick dielectric substrate.  Measured 
results show a significant improvement in the pattern shape and reduction in 
the levels of cross polarization in both the E- and H-planes.  A 2 x 2 edge-fed 
cavity backed patch antenna array is presented in this chapter which also 
benefited from this reduced spurious radiation architecture, in particular its 
ability to readily accommodate the feeding structure.  Measured results are 
presented and compared to a 2 x 2 edge-fed patch antenna array on a thick 
substrate.  Once again, good improvement in the radiation pattern and a 
reduction in the levels of cross polarization are observed. 
 
2.3 High dielectric constant material investigations 
In Section 2.2.2 an edge-fed cavity backed patch antenna as an alternative to 
a conventional edge-fed configuration that overcomes several of the inherent 
issues associated with edge-fed patches was introduced.  The results 
presented in Section 2.2.3 are extremely encouraging and highlight the 
inherent advantages in terms of efficiency and pattern variation of this novel 
patch antenna.   
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In this section the edge-fed cavity backed approach is applied with two slight 
modifications.  For this investigation the cavity is filled with air to simplify the 
manufacturing procedure for the radiator and high dielectric constant material 
is used.  With this structure the antenna is suitable for MMIC integration 
applications and surface wave generation can be reduced while maintaining a 
reasonable bandwidth. The integration of antennas with ICs or packages 
provide a great benefit of improved performance and space efficiency in many 
microwave and millimeter wave designs. 
 
2.3.1 Configuration and performance of a novel high dielectric cavity  
          backed patch antenna 
A schematic diagram of the edge-fed cavity backed patch antenna on high 
dielectric material is shown in Figure 2.18.  A microstrip patch element with a 
size of 10 mm x 10 mm and a feed line of width 0.6 mm were etched on a 
0.635 mm thick layer of Rogers RT/Duroid 6010.2 (εr = 10.2) substrate.  The 
microstrip feed line was inset into the patch element to a distance of 3.75 mm.  
A cavity size of 11 mm x 11 mm with a depth of 3 mm is situated under the 
patch within a 40 mm x 40 mm aluminum block.  The cavity was filled with air 
to simplify the manufacturing procedure of the radiator and was extended a 
short distance beyond the edges of the radiating patch.  A small aluminum 
mount was developed to house the SMA connector and the center pin of this 
adaptor was soldered to the microstrip transmission line of the patch antenna, 
as can be seen in the photograph of the developed antenna in Figure 2.19.  
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Figure 2.18 Edge-fed cavity backed patch antenna using high dielectric 
substrate 
 
 
Figure 2.19 Photograph of the developed edge-fed cavity backed patch antenna 
using high dielectric substrate 
 
For comparison, a conventional edge-fed patch antenna that was developed 
on the same 0.635 mm thick layer of Roger RT/Duroid 6010.2 substrate is 
shown in Figure 2.20, and a photograph of the fabricated antenna is shown in 
Figure 2.21. 
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Figure 2.20 Conventional Edge-fed patch antenna 
 
 
 
 
 
 
Figure 2.21 Photograph of the developed edge-fed patch antenna 
 
 Ansoft HFSS (version 9.2) was used to simulate the performance of the 
antennas.  Figure 2.22 and 2.23 presents the simulated and measured return 
loss results for both the conventional edge-fed patch and the edge-fed cavity 
backed patch antennas.  The measured 10 dB return loss bandwidth for the  
Patch 
Ground plane 
Substrate 
Feed line 
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conventional edge-fed patch antenna on high dielectric material was 
approximately 0.5% centered at 4.77 GHz.  The resonant frequency shift 
between the simulated and measured is 0.85%; the slight shift in resonant 
frequency can be attributed to the tolerance in the dielectric property of the 
substrate material.  However due to the increase in depth between the patch 
conductor and the ground plane for the cavity case, its measured 10 dB return 
loss bandwidth was 1.7% (which is more than 3 times that of the conventional 
edge-fed patch antenna) and has a center frequency of 5.52 GHz.  The 
discrepancy between the measured and simulated is possibly due to a slight 
air gap between the dielectric layer and the aluminum block.  The air gap 
increases the height of the patch which affects the input impedance of the 
patch where the transmission line is in contact with the patch antenna, and 
also the impedance of the feed transmission line.  The shift in resonant 
frequency is 1.8%.  
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Figure 2.22 Simulated and measured return loss for conventional edge-fed 
patch 
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Figure 2.23 Simulated and measured return loss for edge-fed cavity backed  
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The simulated and measured far field radiation patterns of the conventional 
edge-fed patch antenna and the edge-fed cavity backed patch antenna on 
high dielectric material are shown in Figures 2.24, 2.25, 2.26 and 2.27 
respectively.  The results show that the measured conventional edge-fed 
patch antenna on high dielectric material in Figure 2.26 shows a minimal 
pattern ripple in both E- and H-plane patterns due to the use of thin substrate, 
and therefore the feed track is narrow.  Also the E-plane cross-polar pattern in 
Figure 2.26(a) is higher than that in Figure 2.24(a).  For edge-fed cavity 
backed patch antenna in Figure 2.27(a), it is observed that the E-plane co-
polarization pattern is tilted to the left and has a higher cross polarization than 
that in Figure 2.25(a).  The tilt is believed to be as a consequence of the 
misalignment of the patch to the center of the cavity.  To verify this result a 
simulation was conducted on HFSS version 10 with the patch moved near the 
edge of the cavity in the E-plane.  The result of this simulation is shown in 
Figure 2.28, and it is similar to the measured result.   
 
The measured gain for the conventional edge-fed patch antenna on high 
dielectric material was 3.6 dBi, and a 5.1 dBi gain was measured for the edge-
fed cavity backed patch antenna.  The increased gain of the cavity backed 
antenna is due to the increase in depth between the patch conductor and the 
ground plane which lead to improving the overall gain and the bandwidth of 
the antenna. 
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 (a)                                                                (b) 
Figure 2.24 Simulated far field radiation patterns of conventional edge-fed 
patch antenna (a) E-plane (b) H-plane on high dielectric substrate 
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Figure 2.25 Simulated far field radiation patterns of edge-fed cavity backed 
patch antenna (a) E-plane (b) H-plane on high dielectric substrate 
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Figure 2.26 Measured far field radiation patterns of conventional 
edge-fed patch antenna (a) E-plane (b) H-plane on high dielectric 
substrate 
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Figure 2.27 Measured far field radiation patterns of edge-fed cavity 
backed patch antenna (a) E-plane (b) H-plane on high dielectric 
substrate 
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Figure 2.28 Simulated E-plane co-polar result when patch is moved 
near the cavity edge 
 
 
2.3.2 Summary of high dielectric constant material investigations 
The feed line and the radiating element were etched on a thin high dielectric 
material and a cavity placed under the patch within the ground plane is 
presented. The cavity was filled with air to simplify the manufacturing 
procedure of the radiator.  With this configuration it has been shown that an 
improvement in bandwidth from 0.5% to 1.7% (more than 3 times the 
conventional edge-fed patch antenna) is achieved, also a gain improvement 
from 3.6 dBi to 5.1 dBi is achieved over the conventional edge-fed patch 
antenna on high dielectric material. The cavity reduces the amount of surface 
wave propagation and the thin substrate layer used to etch the feed network 
allows for a thinner track width to realize a 50 Ω characteristic impedance, and 
therefore reduced spurious radiation from the feed network. This cavity 
structure can be applied to radiators that can be directly integrated on MMIC  
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materials.  To further enhance the bandwidth and improve the gain of this 
antenna a hi-lo stacked patch antenna is developed and presented in Section 
2.4.  
 
2.4 Cavity backed hi-lo stacked patch antennas 
In Section 2.3 an edge-fed cavity backed patch antenna on high dielectric 
material which can be directly integrated on MMIC technology was introduced.  
The increase in depth between the patch conductor and the ground plane for 
the cavity backed patch resulted in an impedance bandwidth that was more 
than three times that obtained for an equivalent conventional edge-fed patch 
antenna. The cavity backed version also has approximately 1.5 dB greater 
gain.  Although these are very promising results, the achievable bandwidth is 
still quite low.  In this section the hi-lo substrate architecture [63] is applied to 
the edge-fed cavity backed patch antenna in Section 2.3 to further enhance 
the bandwidth. 
 
2.4.1 Configuration and performance of cavity backed hi-lo stacked   
         patch antennas 
The schematic diagram of the integratable edge-fed cavity patch antenna is 
similar to the one developed in section 2.3, with the exception that the inset 
feed is removed and the patch is fed directly at its edge as shown in Figure 
2.27. This was used as the basis for the investigation into the bandwidth 
enhancement of the hi-lo cavity backed patch antenna.                
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Figure 2.29 Schematic of the edge-fed cavity backed patch antenna using high 
permittivity material 
 
The driven patch element in Figure 2.27 is 10 mm x 10 mm in size and the 
microstrip feed line with a width of 0.6 mm are etched on a 0.635 mm layer of 
Rogers RT/Duroid 6010.2.  This substrate is mounted on top of an aluminum 
block with an air filled cavity of 11 mm x 11 mm x 3 mm located below the 
patch.  The hi-lo configuration was formed by stacking a square parasitic 
patch on top of this structure, separated by a foam dielectric layer as can be 
seen in Figure 2.28.  The top patch has a size of 17.5 mm x 17.5 mm and is 
etched on a thin Rogers RT/Duroid 5880 laminate thickness of 0.254 mm.  
The patch is placed face down on top of 3.5 mm thick layer of foam.  The 
parameters of this upper section of hi-lo stacked patch were optimized via 
simulation using Ansoft HFSS version 10.  A photograph of the fabricated 
edge-fed hi-lo cavity backed patch antenna is shown in Figure 2.29. 
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Figure 2.30 Edge-fed high low cavity backed patch antenna diagram 
 
 
 
 
 
Figure 2.31   Photograph of the fabricated edge-fed high low cavity backed  
patch antenna 
 
For comparison, hi-lo stacked patch without cavity backing was designed in 
HFSS version 10 using the same feed and driven patch arrangement.  The 
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measured and simulated return loss of the hi-lo cavity backed patch antenna 
and the hi-lo stacked patch antenna without cavity backing are given in Figure 
2.30 and 2.31 respectively.  The hi-lo cavity backed patch antenna achieves 
an impedance bandwidth of 26 % which exceeded the predicted result of 
approximately 20 %.  It can be observed from the graph that the upper 
resonant frequency of the simulated result matches closely with the measured 
result, but the lower resonance is more difficult to observe.  The non-cavity 
backed hi-lo stacked patch has a 16 % simulated bandwidth and could only 
achieve a measured impedance bandwidth of 12 % as can be seen in Figure 
2.31.  This antenna does not achieve a bandwidth in excess of 20% similar to 
other hi-lo stacked patches [64] as the patch dimensions and high permittivity 
substrate thickness remain the same as those used for the conventional 
patches in Section 2.3.1. 
 
These results highlight the benefit of creating a small hollow region in the 
packaging of an integrated MMIC antenna.  As stated before, the use of cavity 
increases the thickness of the substrate without increasing the width of the 
feed line which enhances the impedance bandwidth and reduces the 
generation of surface waves.   
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Figure 2.32 Measured and simulated return loss of the developed hi-lo cavity 
backed patch  
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Figure 2.33 Measured and simulated return loss of hi-lo stacked patch without 
cavity backing 
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The radiation performance of the hi-lo cavity backed stacked patch antenna 
was measured at a frequency of 6 GHz, which is approximately the centre of 
the impedance bandwidth.  The co-polar and cross-polar E- and H-plane 
radiation patterns are portrayed in Figure 2.31.  The radiated fields show 
minimal pattern undulation and low cross-polarization levels, which are more 
than 20 dB below co-polar broadside level in both planes.   
 
            
 
           (a)            (b) 
Figure 2.34 Measured radiation patterns of the hi-lo cavity backed patch 
antenna at 6 GHz:  (a) H-plane    (b) E-plane 
 
The gain of the antenna was measured using the gain substitution method 
with a frequency step size of 0.5 GHz (limited by the gain data available from 
the standard gain horn).  The results are plotted in Figure 2.32.  The 
measured gain cycles around 6 dBi in the middle of the impedance bandwidth, 
and diminishes at the upper and lower bandwidth edges.  The simulated 
radiation efficiency of this antenna is 96%. 
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Figure 2.35 Measured antenna gain of the hi-lo cavity backed patch 
 
The results presented in this section highlight the inherent advantages in 
terms of wide bandwidth and efficiency for this novel patch antenna structure.  
As mentioned previously, this hi-lo cavity backed antenna application is a 
perfect option for antennas integrated with MMIC technology.  The cavity can 
easily be incorporated into the package of the antenna and the integrated 
circuit.  The hi-lo substrate structure has been shown to increase the 
bandwidth to 26% from the 1.7% of the single element edge-fed cavity backed 
patch in Section 2.3, while maintaining pattern integrity and radiation 
efficiency. 
 
2.5 Chapter Summary  
A new technique to reduce the spurious feed radiation and surface wave 
generation from edge-fed patch antennas by using a cavity behind the 
radiating element is presented and experimentally studied.  Measured results 
on a single element edge-fed cavity backed patch antenna showed low levels  
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of cross polarization, making it suitable for dual or circular polarization 
applications.  An improvement in the E-plane co-polarized pattern was also 
seen when compared to an edge-fed patch antenna on a thick substrate and 
the impedance bandwidth was maintained.   
 
Planar microstrip antenna arrays can benefit greatly from this new technique 
due to their extensive feed network.  To emphasize this, a 2 x 2 edge-fed 
cavity backed patch antenna array has also been presented in this chapter 
and compared to the simulated results of a 2 x 2 edge-fed patch antenna 
array on a thick substrate.  The measured results displayed a considerable 
reduction in the levels of cross polarization, a 9 dB increase in gain, and 
alleviated radiation pattern distortion due to the reduction of the spurious 
radiation.  
 
Further investigations into edge-fed cavity backed patches on high dielectric 
materials led to a novel patch antenna which is also presented in this chapter.  
The measured results showed that the 10 dB return loss bandwidth for the 
edge-fed cavity backed antenna is 1.7 % compared to 0.5 % for the 
conventional edge-fed patch.  The cavity backed antenna gain is 5.1 dBi, 
which is considerably larger than the conventional edge-fed patch antenna 
gain of 3.6 dBi.  Thus, an edge-fed patch antenna created on a high 
permittivity substrate with an air filled cavity machined into the carrier/package 
below exhibits enhanced gain and bandwidth performance over a similar 
structure without a cavity.  
 57
The bandwidth of the single element edge-fed cavity backed antenna on high 
dielectric material can be significantly increased by using hi-lo substrate 
structure. The hi-lo substrate structure has been shown to increase the 
bandwidth of an edge-fed cavity backed patch to 26%, while maintaining 
pattern integrity and radiation efficiency. 
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Chapter 3 
 
 
Flip-Chip Bonded Antennas for Monolithic Microwave 
Integrated Circuits 
 
 
3.1 Introduction 
In Chapter 2, we introduced a technique that reduces the spurious radiation 
from the edge-fed patch antennas.  This technique proves to be valuable for 
planar microstrip antenna arrays where the area consumed by the distribution 
network must be minimized to ensure good radiation performance.  Also this 
technique has been shown to provide good improvement in gain and 
bandwidth for antennas integrated with MMIC technology where thin, high 
dielectric constant (εr > 10) wafers are used to create these circuits.   
 
This chapter documents the design of flip-chip bonded antennas for monolithic 
microwave integrated circuits.  This involves the design of two separate, but 
related principles.  They are the proximity coupled flip chip bonded single 
patch antenna, and the proximity coupled flip-chip bonded stacked patch 
antenna which enhances the antenna bandwidth performance. 
 
3.2 The need for MMIC compatible flip-chip bonded antennas  
Fabricating microstrip antennas on high dielectric materials is growing in 
popularity due to the compact size and compatibility with MMICs [64, 65].  
However, MMIC compatible microstrip antennas encounter many problems  
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arising from the high permittivity of MMIC substrate/wafer.  Conventional 
microstrip antennas on high permittivity materials typically have an inherently 
narrow bandwidth of only a few percent.  They can also be susceptible to 
excessive surface wave generation, causing degradation of the antenna 
efficiency and radiation pattern of the antenna.     
 
The bandwidth can be recovered by using a thick substrate.  However, this 
solution exacerbates the surface wave induced degradation of the antenna 
radiation performance.  Reduction of surface wave excitation can be 
attempted using micromachining technology [66, 67] to lowering the effective 
dielectric constant of the substrate under the patch or introducing an air gap 
surrounding the patch.  The drawback of this approach is that the resulting 
patch antenna has to be larger than the patch on an unperturbed substrate.   
 
A stacked patch antenna with a 25% bandwidth using an amalgamation of 
high and low permittivity layers was reported in [68].  This hi-lo stacked patch 
also had impressive efficiency for a MMIC compatible structure.  The only 
shortcoming of this arrangement is that one of the radiating elements is 
formed directly on the feeding layer, which would consume a large amount of 
real estate on the MMIC chip.  In [69], a MMIC compatible hi-lo stacked patch 
with a proximity coupled feed displayed a bandwidth in excess of 21%.  This 
configuration occupies minimal space on the feed substrate (which is the 
MMIC wafer in an integration scenario) as the patch elements are elevated 
above the open circuit microstrip line.  
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Millimeter wave antennas [70] provide numerous benefits to communication 
systems, for example, wide frequency range for only a small percentage 
bandwidth, small size, and light weight.  However, at millimeter wave 
frequencies, additional limitations have to be overcome in order to design a 
microstrip antenna with acceptable performance on high dielectric substrate.  
Millimeter wave stacked patch antennas are susceptible to misalignment, 
where the placement of the upper substrate layer is crucial to obtaining a wide 
bandwidth response.  In some cases the offset patch is used as a bandwidth 
broadening technique which deliberately displaces the upper patch off 
centered in stacked patch antennas to increase the impedance bandwidth [71, 
72].  On the other hand, the layer misalignment can be an unavoidable after-
effect of the multilayer structure due to material and fabrication tolerances.  
Even a fraction of millimeter offset between the layers of a millimeter wave 
stacked patch can cause degradation in performance of the antenna [73].  
The effect of the offset patch and layer misalignment has been investigated in 
[74].  This investigation shows that as the linear displacement increases the 
bandwidth decreases and slight decrease in mean frequency.  For the 
structures investigated in [74], a displacement of 0.133 λo causes a severe 
reduction of impedance bandwidth (from ~20% to 10%).  Using this as a 
guide, for a millimeter wave antenna at 60 GHz, this corresponds to a linear 
displacement of approximately 0.67 mm.  If such a harsh reduction in 
bandwidth cannot be tolerated, the corresponding displacement tolerance 
would be far less. 
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Flip-Chip Bonding (FCB) is a leading technology for enhancing the 
performance of MMIC interconnects, and reducing fabrication and assembly 
costs.  It also offers significantly better electrical performance advantages 
over competing technologies such as wire bonding.  Many applications which 
use FCB technologies have exhibited the requirements and qualities needed 
for low cost and reliable millimeter wave circuit fabrication [75, 76].  FCB 
involves the direct bonding of two substrates face to face through conducting 
bumps deposited on the base substrate.  This process provides the shortest 
possible signal path between transmission lines on the two substrates, with 
good microwave performance and significant circuit miniaturization.  FCB 
relies on the accurate placement of the superstrate (upper) layer to ensure all 
bond connections make satisfactory electrical contact.  
 
 In this chapter a single and stacked patch microstrip antenna with proximity 
coupled feeding are proposed as a high frequency antenna architecture, 
which is constructed using a flip-chip bonding technique.  With this technique, 
significant improvement in impedance and radiation performance can been 
achieved via the high accuracy placement of the superstrate layer [77].  Due 
to the high permittivity feed materials these antennas are compatible with 
MMICs.  Furthermore, the high accuracy placement and rigid attachment of 
the upper superstrate layers via the flip-chip bonding technique also enables 
these antennas to be scaled up to millimeter wave operational frequencies.  
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Section 3.2 of this chapter presents the design configuration of a proximity 
coupled patch antenna on high dielectric materials fabricated using a FCB 
technique.  Here, focus is placed on the fabrication process that has been 
used to construct the antenna.  Also in this section the theoretical and 
experimental return loss and radiation characteristics of the antenna is 
presented and discussed.  Section 3.3 presents proximity coupled stacked 
patch antenna constructed with high and low permittivity materials realized via 
the same FCB process used in Section 3.2.  This section also provides a 
characterization and discussion about the performance of the prototype.  
Finally, the conclusion of the chapter presented in Section 3.4.         
 
3.2.1 Proximity coupled flip chip patch antenna configuration 
A schematic diagram of the proximity coupled patch antenna constructed 
using high dielectric constant material depicted in Figure 3.1.  A 50 Ω 
microstrip feed line of 0.6 mm width is situated on the topside of a ceramic 
wafer, which has a thickness of 0.635 mm and a dielectric constant of 9.6.  
The feed line was produced via a photolithographic process on a Ti-Ni-Au 
seed layer, and electroplated to a thickness of approximately 8 µm.  The open 
circuit end of the feed line is positioned at y = - 0.1 mm where the centre of 
the patch is the origin.  A ground plane is formed on the reverse side using an 
identical seed layer and electroplating process.  The flip-chip bumps are 0.2 
mm square blocks of gold, and patterned on the feed substrate at an x-y offset 
of (± 3.8, ± 3.8) mm relative to the centre of the patch element.  
 
 63
The bumps were electroplated to a height of approximately 30 µm as shown 
in Figure 3.2.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic diagram of the flip-chip patch antenna on high dielectric 
constant substrates 
Parameters – hf = 0.635 mm, εrf = 9.6, tan δf = 0.0023, wf = 0.51 mm, lb = 0.2 mm, wb = 0.2 mm,     
                      hb = 0.03 mm, hs = 0.635 mm, εrs = 9.6,  tan δs = 0.0023, lp  = 3.5 mm, wp =3.5 mm. 
 
 
 
 
Figure 3.2 Electroplated bumps to a height of 30 µm 
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In this antenna structure the flip-chip bumps are not used as a signal 
connection.  They are used to enable the flip-chip process, allowing the 
accurate placement of the antenna elements residing on the superstrate.  The 
flip-chip bumps create an air gap between the feed line and the patch 
superstrate of approximately 30 µm in the assembled antenna structure.  A 
patch element is etched on the top of the 0.635 mm thick ceramic superstrate, 
which is 8.5 x 8.5 mm in size.  This superstrate also contains bonding pads on 
the underside that will be aligned to the gold bumps on the feed substrate 
during the FCB process. 
 
The two substrates are brought into contact and bonded by pressure and heat 
to fuse the bumps on the base substrate to the pads on the patch superstrate 
as can be seen in Figure 3.3.  
 
 
Figure 3.3  Optical micrograph showing the two antenna layers brought into 
contact and bonded to fuse the bumps 
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bump 
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The bonding procedure was conducted on an A4 Fineplacer®-145 “PICO”, 
which has a base heating plate and an ultrasonic pick-up tool.  The alignment 
accuracy of the bonder is around 5 µm.  This accuracy means that high 
frequency multilayered antennas (theoretically up to about 8 THz) can be 
constructed and still remain within the layer displacement tolerance limits 
quoted in [74].  The patch superstrate was held by a vacuum chuck to the 
pick-up tool.  Then the patch superstrate was lowered onto the feed substrate 
and bonded by applying a force of 25g/bump at a 150 °C for 10 seconds.  A 
two part epoxy (3M Scotch-Weld 2216 B/A) was used to enhance the bonding 
strength.  The epoxy was cured by placing the bonded antenna in an oven for 
four hours at 80 °C.  A photograph of the developed flip-chip bonded proximity 
coupled patch antenna is shown in Figure 3.4.  
 
 
 
Figure 3.4 Photograph of developed flip-chip patch antenna 
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3.2.2  Experimental results of the proximity coupled flip chip patch  
          antenna 
As the final height of the gold bumps after the FCB process is not precisely 
known, a parameter study was performed using the Ansoft HFSS software 
package (version 9.2) with varied bump heights to alter the air gap between 
the substrate layers of the proposed antenna.  The simulated input impedance 
and return loss response for the flip-chip patch antenna with variable bump 
heights are shown in Figures 3.5 and 3.6.  The results of this study show that 
a ± 10 µm alteration to the height of the bumps (and the resulting air gap 
between the ceramic materials) can affect the resonant frequency of the 
antenna.  The flip-chip patch antenna with a 30 µm bump height yields 5 % 
bandwidth (for VSWR < 2) centered at 12.3 GHz. Increasing the height of the 
bumps from 30 µm to 40 µm enhances the bandwidth from 5 % to 5.6 % and 
the centre frequency shifts to approximately 12.5 GHz from 12.3 GHz.  When 
the height of the bumps is decreased to 20 µm, the bandwidth decreases to 
4.6 % and the frequency shifts to 12.1 GHz.  This effect is caused by the 
alteration of the coupling between the feed line and radiator in the proximity 
coupled patch antenna, due to changes in the effective permittivity and height 
of the intermittent material.  With increasing thickness (in this case the height 
of the bumps (air gap)) the coupling is reduced and, thus the size of the loop 
in the impedance locus is smaller as can be seen in Figure 3.5.     
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   (c) 
Figure 3.5    Input impedance as a function of flip-chip bump height  
(a) 0.02 mm (b) 0.03 mm (c) 0.04 mm 
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Figure 3.6 Simulated return loss of the flip-chip patch antenna with varied 
bump heights  
 
The measured return loss of the fabricated flip-chip antenna made of high 
dielectric constant materials is displayed in Figure 3.7.  The measured 
bandwidth was approximately 4%, with a center frequency of 12.5 GHz.  
Using this result and the simulations from Figure 3.5 we can determine that 
the height of the bumps for the fabricated flip-chip antenna was closer to 40 
µm than the 30 µm aimed for during the electroplating process.  The cause of 
increased height of the flip-chip bumps to 40 µm is the bonding pad thickness 
of the upper substrate, and the use of the epoxy to fix the pads together, 
which inevitably increases the height by a small amount.  These were not 
considered in the initial simulation.  Comparing the measurement and the 
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simulated result for a 40 µm bump height reveals close agreement, as shown 
in Figure 3.7.  
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Figure 3.7 Measured and simulated return loss of the flip-chip patch antenna  
 
Figure 3.8 portrays the measured far field radiation patterns of the flip-chip 
patch antenna at the center frequency of 12.5 GHz.  Very minor pattern 
scalping can be observed in the E-plane pattern of Figure 3.8(a).  This is 
believed to be due to the brass plate and SMA connector, which dwarfs the 
antenna element.  The cross-polarization level is approximately -20 dB from 
the co-polarized field at broadside, and does not rise above -15 dB in the 
forward hemisphere of both planes.  The measured gain of the flip-chip 
antenna matched the simulated result of 4.6 dBi at 12.5 GHz, and had a 
simulated efficiency of 81 %.  The gain is lower than a conventional proximity 
coupled patch due to the use of the high permittivity substrate and 
superstrate.  However, there is little evidence of pattern degradation 
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associated with surface wave diffraction at the extremities of the antenna 
which can occur in printed antennas on high permittivity materials. 
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  (a)                                                      (b)            
Figure 3.8 Measured far field radiation patterns of the fabricated flip-chip 
antenna at 12.5 GHz   (a) E-plane    (b) H-plane 
 
 
3.2.3 Summary of proximity coupled flip chip patch antenna 
A microstrip patch antenna on high dielectric constant material with proximity 
coupled feed realized via flip-chip binding technique has been designed and 
fabricated.  This antenna is MMIC compatible due to the high permittivity feed 
material.  This configuration occupies minimal space on the feed substrate 
(which is the MMIC wafer in an integration scenario) as the patch elements 
are elevated above the open circuit microstrip line.  
 
Changes in the height of the bumps can affect the bandwidth and resonant 
frequency of the antenna.  Simulated and measured results were compared 
and presented.  A measured bandwidth of 4% centered at frequency of 12.5 
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GHz with a gain of 4.6 dBi has been achieved for the flip-chip proximity 
coupled antenna. 
 
3.3 Flip-Chip Bonded Stacked Patch Antenna for MMIC Integration  
A systematic extension to the work in Section 3.2 is to enhance the bandwidth 
of the flip-chip antenna by using stacked patch architecture.  Utilizing high and 
low dielectric constant materials in a stacked patch structure can provide the 
added benefit of increased bandwidth and efficiency while maintaining 
compatibility with MMICs.  Robust millimeter wave operation of this antenna 
configuration can be achieved by means of high accuracy placement and rigid 
attachment of the upper substrate layer via FCB.  The fabrication process for 
this antenna is similar to that of the flip-chip patch antenna.  The seed layer 
photolithography, electroplating, bumping, and FCB procedures are the same 
as those followed in Section 3.2.  Figure 3.8 shows an exploded view of the 
stacked patch antenna with a proximity-coupled feed realized via a FCB 
process.   
 
3.3.1 Flip-chip stacked patch antenna structure 
The design of the flip-chip stacked patch is based on the principles developed 
in [5] and adapted for proximity coupled patch antennas.  A microstrip feed 
line is etched on a high dielectric constant ceramic material (εr = 9.6) with a 
thickness of 0.635 mm.  The open circuit termination of this feed line extends 
1.15 mm past the center of the patch elements.  The lower patch element is 
etched on the underside of a 1.575 mm thick Rogers RT/Duroid 5880 laminate  
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(patch substrate), which is 8.5 x 8.5 mm in size.  The upper patch element is 
formed on the top side of this substrate is mutually coupled to the lower patch.  
Figure 3.9 presents a photograph of developed stacked patch antenna using 
flip-chip bonded high and low permittivity substrates. 
 
 
Figure 3.9 Geometry of the flip-chip stacked patch antenna using high and low 
dielectric materials 
Parameters – hf = 0.635 mm, εrf = 9.6, tan δf = 0.0023, wf = 0.6 mm, lb = 0.2 mm, wb = 0.2 
mm, hb = 0.03 mm, hs = 1.575 mm, εrs = 2.2, tan δs = 0.0009, l1 = 4.1 mm, w1 = 4.1 mm, l2 
= 6 mm, w2 = 6mm 
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Figure 3.10 Photograph of the fabricated flip-chip stacked patch antenna    
 
3.3.2 Simulated and Measured Results of the Flip-chip stacked patch  
           antenna 
The simulated behaviour of the input impedance and return loss response 
with varied heights of flip-chip bumps is shown in Figure 3.10 and 3.11 
respectively.  The simulated results showed how changes in the height of the 
flip-chip bumps (air gap) affect the impedance response of the antenna.  The 
effect of this height is on the coupling between the feed line and the lower 
patch.  By increasing the height of the bumps to 40 µm the input impedance is 
relatively similar to the case when the height is 30 µm and minimal impact is 
made to the return loss as can be seen in Figure 3.11.  A slight rise above -10 
dB is observed around 13.2 GHz.  However, if the bump height is decreased 
(to 20 µm), the return loss drops resulting in a decreased bandwidth.  This is 
due to the feed line coupling strongly to the lower patch.  
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  (c) 
Figure 3.11 Input impedance as a function of flip-chip bump height  
(a) 0.02 mm (b) 0.03 mm (c) 0.04 mm 
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Figure 3.12 Simulated return loss versus frequency of the proposed  
 
antenna, as a function of the flip-chip bump height 
 
 
The measured return loss of the flip-chip stacked patch antenna is shown in 
Figure 3.12.  The measured bandwidth of the developed antenna was 23%.  
This is in very good agreement with the simulated bandwidth result of 24% for 
a bump height of 0.03 µm.  The minor frequency shift between simulation and 
measurement is attributed to the accuracy in the fabrication of the gold bumps 
used to flip-chip bond the dielectric materials.  As was observed in Section 
3.2, the resulting height of the bumps has an impact on the resonant 
frequency of the antenna element (refer to Figure 3.7).  The bandwidth 
achieved by the flip-chip stacked patch antenna is comparable to other MMIC 
compatible hi-lo structured antenna [68, 69]. 
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Figure 3.13 Simulated and measured return loss of the flip-chip patch 
antenna  
 
The simulated and measured radiation patterns of the flip-chip stacked 
patch antenna at 13 GHz are shown in Figures 3.13 and 3.14 respectively.  
The results show that the measured E-plane and H-plane cross-polarized 
levels are higher than simulated.  We believe this is due to the rough 
boundary on the patch elements of the fabricated antenna, as can be seen 
in Figure 3.16.  The elevated cross-polarization arises from field scattering 
at these non-uniform edges and at the sides of the patch superstrate.  
However, the co-polarized patterns are in good agreement.  The minor 
pattern variations between the simulated and measured E-plane co-
polarized far fields can be attributed to the presence of the coaxial K-
connector and mounting block, as this was not included in the simulation. 
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                   (a)                                                        (b) 
Figure 3.14 Simulated radiation patterns of the flip-chip stacked patch antenna 
at 13 GHz   (a) E-plane    (b) H-plane 
 
 
 
 
 
 
 
 
                (a)                                                                 (b) 
Figure 3.15 Measured radiation patterns of the flip-chip stacked patch at 
13 GHz   (a) E-plane    (b) H-plane 
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Figure 3.16 Rough edges on patch elements of the fabricated flip-chip stacked 
patch antenna 
 
The measured gain of the flip-chip stacked patch antenna is presented in 
Figure 3.16.  At 13 GHz, the measured gain is approximately 8.5 dBi.  The 
gain remains in excess of 6 dBi over the entire impedance bandwidth of 
the antenna.  The simulated radiation efficiency at 13 GHz is 88 %.  
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Figure 3.17 Measured gain for the flip-chip stacked patch antenna 
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3.3.3 Summary of the flip-chip stacked patch antenna 
A flip-chip bonded stacked patch antenna structure with a proximity coupled 
feed is presented.  Due to the high permittivity feed material, this antenna is 
compatible with MMICs, and it uses a high and low dielectric constant material 
combination to achieve wideband performance.  The measured results 
showed that the objective of obtaining good bandwidth performance was 
achieved, with an impedance bandwidth of 23%.  The proposed antenna 
produced a measured gain of approximately 8.5 dBi at 13 GHz.  A parameter 
study showed how a change in the height of the flip-chip bumps can affect the 
bandwidth of the antenna.   
 
3.4 Chapter summary 
In this chapter, flip-chip bonded single and stacked patch versions of a 
proximity-coupled patch antenna are presented.  The flip-chip bonding 
technique applied to these antennas was proven through simulation and 
experiment to provide good impedance and radiation performance via the high 
accuracy placement of the superstrate layer.  Due to the high permittivity feed 
material, these antennas display the attributes required for integration with 
MMICs.  The requirement of this antenna architecture to have only an open 
circuit feed line on the MMIC wafer results in minimal consumption of chip real 
estate.  The single element flip-chip patch antenna also uses a high dielectric 
constant material for the patch superstrate, whereas the flip-chip stacked 
patch uses a high and low permittivity material combination to achieve 
efficient wideband performance.   
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The measured results show that the objective of attaining broad bandwidth 
performance was achieved.  For the single element flip-chip antenna the 
impedance bandwidth was 4%, centered at frequency of 12.5 GHz.  A gain of 
4.6 dBi was realized.  The stacked flip-chip patch showed very broadband 
performance, with a bandwidth of 23% centered at 13 GHz.  Highly efficient 
operation was also observed, with a gain of 8.5 dBi.  A parametric study 
showed how altering the height of the flip-chip bumps can affect the input 
impedance of the flip-chip patch antenna.  The high accuracy placement and 
rigid attachment of the upper superstrate layer via the flip-chip bonding 
technique also enables these antennas to be scaled up to millimeter wave 
operational frequencies. 
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Chapter 4 
 
Investigation of liquid foam dielectrics for high frequency 
integratable antennas 
 
4.1 Introduction  
In Chapter 3, single and stacked patch versions of a proximity-coupled patch 
antenna using flip-chip bonding technique were introduced.  The flip-chip 
bonding technique applied to these antennas was proven through simulation 
and experiment to provide good impedance and radiation performance via the 
high accuracy placement of the superstrate layer.  Due to the high permittivity 
feed material, these antennas display the attributes required for integration 
with MMICs.  
 
This chapter presents the design of a stacked patch antenna constructed with 
spun-on liquid foam, which is compatible with MMICs. This involves the 
fabrication process of an ECCOSTOCK FPH layer. Since one of the 
objectives of this thesis is to develop an efficient antenna and be able to 
fabricate a layer to a nominated thickness to act as a dielectric material for the 
antenna, the ECCOSTOCK FPH material is chosen for its properties to 
replace the Rohacell foam used in the design.  
 
Foams are one of the most common forms of construction material. They can 
be manufactured from a variety of synthetic polymers including polyvinyl  
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chloride (PVC), polystyrene (PS), polyurethane (PU), polymethacrylamide, 
polyetherimide (PEI) and styreneacrylonitrile (SAN).  They can be supplied in 
densities ranging from less than 30kg/m3 to more than 300kg/m3.  
 
Foam is widely used in microwave applications, where there is a need for 
materials with good electrical and mechanical properties.  ECCOSTOCK FPH 
- High Temperature Foam-in-Place Liquid is (two part liquid polyurethane, 
closed-cell rigid foam from Emerson & Cuming) [78] presenting good 
mechanical and electrical properties (especially in terms of density, weight, 
and dielectric values).  High volume, cost-effective production capabilities, and 
minimal processing time are the essential factors that allow this kind of 
material to be most suitable for integration of future microwave systems.  This 
also presents itself as a good candidate for a number of microwave 
applications where low permittivity is needed. 
 
For a long time, foam has been used in many different applications where 
there is a need for materials with good electrical and mechanical properties. 
This material has been used for designing and manufacturing high 
performance structures in microwave and millimetre-wave frequencies [79, 
80].  As stated in the literature, foam has been used as a substrate for planar 
antenna elements [81-86], where it has been applied as a single material or in 
multi-layer substrate configurations to develop a single printed antennas, 
planar antenna arrays, or compact multifunction modules. In [81] a two foam 
layers have been used in developing a wideband dual-polarized slot-coupled  
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stacked microstrip antenna with high isolation. In [83, 84] foam has been used 
in preventing the excitation of the surface waves, increasing the bandwidth 
and as a supporting material between the two layers.   Furthermore, low-cost 
travelling wave linear array antenna was developed using polystyrene foam as 
a substrate [85].  In [86] a multi-function module using a ceramic-foam 
substrate was used to simultaneously optimize electrical and dimensional 
characteristics of basic passive RF transceivers.   Foam was used as rigid 
spacers between thin printed dielectric substrates in a linear polarizer 
structure [87] and to avoid back radiation in a dual aperture-coupled microstrip 
patch antenna [88]. Foam is also used as antennas radomes such as in [89, 
90] where the antenna is enclosed in dielectric radomes for protection from a 
variety of environmental and aerodynamic effects.   
 
In millimetre wave frequency antennas, foam material has been used in many 
different applications [80, 91] and also is an attractive candidate for high gain 
planar antenna integration at 60 GHz [92].   The aforementioned applications 
coupled with others clearly shows that foam has been considered on a 
numerous occasions as an integral solution for the integration of microwave 
structures.  
 
In this chapter, a new technique for constructing  a hi-lo stacked patch 
antenna is investigated, where a Rohacell foam layer is replaced with a spun-
on layer of ECCOSTOCK FPH High Temperature Foam-in-Place Liquid.   
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The aim is to be able to fabricate this layer to a nominated thickness to act as 
a dielectric material for the antenna.   
 
Section 4.2 discusses the dielectric substrate role both mechanically and 
electrically.  In Section 4.3 the fabrication of the low dielectric layer of 
(ECCOSTOCK FPH High Temperature Foam-in-Place Liquid) is described.  
Section 4.4 presents the details of Hi-lo stacked patch antenna configuration 
with 0.5 mm thick ECCOSTOCK FPH layer. Section 4.5 highlights the 
performance of the Hi-Lo stacked patch antenna.  Section 4.6 presents the 
experimental results of Hi-lo stacked patch antenna with 1 mm thick layer of 
ECCOSTOCK FPH.  The summary of this chapter is presented in section 4.7.   
 
 
4.2 The dielectric substrate 
The selection of materials for microstrip antennas, depending upon the 
applications, should be based on cost, thermal stability, dielectric constant, 
etc.    The dielectric substrate plays two roles: electrically, it is an integral part 
of the transmission lines, mechanically; it is the support for the structure. This 
implies that is must simultaneously satisfy the combination of the electrical 
and mechanical requirements. An important electrical property is the relative 
permittivity which plays a major role in the overall performance of a patch 
antenna. It affects the width, and in turn the characteristic impedance of 
microstrip feed lines. However, the permittivity (εr) of a substrate can alter 
from batch to batch, sometimes even between different sheets of the 
substrate.   Furthermore, the radiation efficiency of the patch antenna  
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depends largely on the permittivity of the dielectric. Ideally, a thick dielectric, 
low εr and low tangent loss is preferred for broadband antenna designs with 
high efficiency [23].  
 
The mechanical properties of the dielectric substrate, such as tensile and 
structural strengths, flexibility, machinability, impact resistance, formability and 
bondability are also very important to consider. There is no ideal substrate; 
however the choice of the substrate depends on the application as mentioned 
previously.  For example, conformal microstrip antennas require flexible 
substrates, whereas low-frequency applications require high dielectric 
constants to keep the size small.  
 
The use of ECCOSTOCK FPH material is chosen for its properties to replace 
the Rohacell foam to act as a dielectric material for the antenna. Also it is a 
very good candidate at millimetre wave frequency where a foam layer of less 
than 1 mm thick may be required for an antenna design.  The minimum 
standard sheet thickness of Rohacell foam is 1 mm. Table 1 shows the typical 
properties of the ECCOSTOCK FPH (12-6H and 12-10H) rigid foam material 
[93] compared to Rohacell foam properties [94]. 
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        Bulk Density, Ibs/ft3 (g/cc)         12-6H          12-10H          Rohacell 
Dielectric Constant (104  to 1010 
Hz) 
1.12 1.25 1.05 
Dissipation Factor (1010 Hz) 0.002 0.005 0.0017 
Compressive Strength, psi 
(kg/cm2) 
250 (17.6) 600(42.3) 130  
Tensile Strength, psi (kg/cm2) 200 (14.1) 450 (31.7) 275  
Shear Strength, psi (kg/cm2) 140 (9.9) 300 (21.1) 116  
Cell structure  Closed 
cell  
Closed cell Closed cell 
 
Table 1  Typical Properties of ECCOSTOCK FPH compared to Rohacell foam 
 
As shown in Table 1 the ECCOSTOCK FPH and the Rohacell foam materials 
have a low dielectric constant (near unity) and possess a good dissipation 
factor. ECCOSTOCK FPH also has comparable or higher compressive, 
tensile and shear strength than Rohacell foam.  Hence, the ECCOSTOCK 
FPH material is an ideal replacement for Rohacell in the antenna applications 
presented in this chapter.   
 
4.3 Fabrication of a thin low dielectric constant layer  
Rohacell foam comes in a standard thickness of 1, 1.5, 2, 3, 4…up to 65 mm 
and more [94].  However, in millimetre wave integrated antennas (e.g. hi-lo 
stacked patch antennas) a foam layer of less than 1 mm thick may be 
required for the antenna design.   In [68] the thickness of the foam layer used 
to design hi-lo stacked patch antenna at 5 GHz was 4.5 mm.  Utilizing high 
and low dielectric constant materials in the stacked patch structure provides 
the added benefit of increased efficiency while maintaining compatibility with 
MMICs.  When this design is scaled up to 60 GHz, the foam thickness layer  
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becomes 0.375 mm, or approximately 0.4 mm.  Therefore, it becomes evident 
that the fabrication of thinner layer is essential to design these efficient, 
broadband integrated antennas at millimetre wave frequencies.  
 
Multi layer structure fabrication provides a disadvantage especially at higher 
frequency due to the minimum standard thickness of foam available in the 
marketplace.  As mentioned previously, the thinnest commercially available 
foam layer is 1 mm.  So as a demonstration of a structure that contains a sub-
millimetre thickness foam layer, a hi-lo stacked patch antenna at 24 GHz is 
analysed in the following sections that utilises 0.5 mm thick foam dielectric 
material.    
 
4.3.1 Casting the ECCOSTOCK FPH foam 
To fabricate the proposed antenna a thinner layer of low dielectric foam was 
required.  We endeavoured to fabricate our own foam in thin layers using the 
ECCOSTOCK FPH foam by using a casting technique.  A circular plastic ring 
was used as a mould and the small amount of ECCOSTOCK FPH and 
catalyst was mixed and allowed to cure in the mould. The outcome of this 
procedure was not desirable due to the inconsistent thickness produced, due 
to the effervescent chemical reaction.  
 
To create a measurable antenna, sandpaper was used with an aim to reduce 
the thickness to a 0.5 mm layer; however it was difficult to obtain uniform 
thickness across the whole surface.  It was found that the minimum thickness  
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that could be reliably obtained by this method was close to 1mm.  The hi-lo 
antenna was redesigned to incorporate this 1 mm thick foam layer, and the 
resulting prototype produced a measured bandwidth of 22% as shown in 
Figure 4.1.  A photograph of the developed antenna layers is shown in Figure 
4.2. 
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Figure 4.1   Measured return loss of hi-lo stacked patch antenna with the cast 
foam layer 
 
The antenna shows good impedance performance, but the casting and 
sanding operation is not practical as it is labour intensive.  Therefore, a spin 
forming technique is proposed for more efficient fabrication.   
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Figure 4.2   Photograph of the developed antenna with the cast foam layer 
 
4.3.2 Spin forming the ECCOSTOCK FPH foam 
To accurately fabricate a 0.5 mm thick layer of ECCOSTOCK FPH material for 
the proposed 24 GHz hi-lo antenna configuration, the use of a spinner with a 
precise speed is proposed. ECCOSTOCK FPH/12-10H high temperature, low 
dielectric constant polyurethane foam was selected.  After separately 
weighing out the required amount of ECCOSTOCK FPH and catalyst for the 
desired density as determined by the FPH/Catalyst Ratio by Weight in Table 
2, the two materials were added together and mixed rapidly. The combined 
materials were then dropped onto the spinning base substrate at a certain 
speed to form an even coverage, and then cured to set the foam layer 
desired.  
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          Catalyst                         12-6H          12-10H 
Parts Catalyst Per 100 Parts 
FPH  Resin 
75 85 
Unconfined Bulk Density, 
lbs/ft3  (g/cc) 
6(.10) 10(.16) 
Desired Bulk Density, lbs/ft3  
(g/cc) 
6-10 (.1 - 
.16) 
10-14 (.16 - 
.22) 
 
Table 2  FPH/Catalyst Ratio by Weight 
 
 
To realise the thickness required for the hi-lo antenna design, the spin forming 
of the ECCOSTOCK FPH material was calibrated in terms of spin-speed and 
time.   Figure 4.3 shows the thickness of the foam versus spin-speed where 
spin duration is constant at 20 seconds.  As is observed from the graph, the 
foam becomes thinner as speed is increased at intervals of 100rpm.  
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 Figure 4.3  Foam thickness versus spin speed at a constant spin time of 20sec 
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This method provides a rough control over the foam thickness.  It was 
discovered that more precise control was obtained when holding speed 
constant and varying the time.  Figure 4.4 shows the thickness of the foam 
versus time where speed is constant at 1000/rpm.  With this speed we took 
five readings from 10 to 30 seconds. Observation shows that the thickness of 
the foam reduces for longer spin times. The flatness of the results show that 
varying the time at a constant speed provides a fine adjustment to the foam 
thickness.   
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Figure 4.4  Foam thickness versus spin time at a constant spin speed of 
1000rpm 
 
4.4 Hi-lo stacked patch antenna  
Hi-lo stacked patch antennas commonly employ three layers of substrate, 
where the base substrate utilizes high dielectric material for compatibility with 
MMICs, the upper substrate is commonly a thin low permittivity material for 
supporting the upper patch element, and the central layer has a low 
permittivity close to unity.  This central layer is often made of foam. 
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In this section, the low permittivity ECCOSTOCK FPH material is fabricated to 
replace the Rohacell foam in the 24 GHz hi-lo stacked patch antenna design, 
for the reason that the required foam thickness is less than the minimum 
standard Rohacell foam thickness. 
 
4.4.1 Antenna configuration 
The layout of the proposed hi-lo stacked patch antenna configuration under 
investigation is shown in Figure 4.5.  A base substrate with a thickness of 
0.635 mm and a high dielectric constant of 10.2 Rogers RT/Duroid 3010 
resides on a ground plane size of 40 mm x 40 mm.  The lower patch is a 
square element with the size of 1.6 mm x 1.6 mm and is fed by a microstrip 
line of 0.59 mm width.  These two components are etched into the copper 
cladding on the top of the base substrate. The upper patch is 3.6 mm x 3.6 
mm in size and resides on the underside of the upper substrate, which has a 
thickness of 0.127 mm and a dielectric constant of 2.2 (Rogers RT/Duroid 
5880).  A 0.5 mm thick layer of ECCOSTOCK FPH with a dielectric constant 
of 1.25 separates the upper and lower patch as can be seen in Figure 4.5; this 
was formed by spinning at 1100 rpm for 20 seconds.    
 
For reference, a stacked patch antenna with 0.5 mm thick Rohacell foam as 
the middle substrate was constructed and comparisons were made between 
the two fabricated antennas. This 0.5 mm layer of Rohacell foam was made 
by starting with a sheet of 1mm foam and pressing the foam to reduce its 
thickness to 0.5mm.  This procedure is not ideal for regular use, but enables  
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us to make an approximate comparison of the Rohacell and ECCOSTOCK 
FPH foam.  Figure 4.6 depicts the photograph of the fabricated antenna with 
0.5 mm thick layer of ECCOSTOCK FPH material.   
 
 
 
 
Figure 4.5 Schematic diagram of the liquid foam stacked patch antenna  
 
Parameters: l1 = 1.6mm, w1= 1.6mm, l2= 3.6mm, w2= 3.6mm, feed line width= 
0.59mm, base substrate h= 0.635mm, εr= 10.2, middle substrate (Liquid foam): 
h= 0.5mm, εr= 1.25, upper substrate: h= 0.127mm 
 
 
Ground Plane Feed Line 
Upper substrate 
 
Base Substrate 
Lower patch: l1, w1 
Upper patch: l2, w2 
Middle substrate 
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         Figure 4.6 Photograph of the developed hi-lo stacked patch antenna with 
0.5 mm ECCOSTOCK FPH layer 
 
4.5 Performance of Hi-lo stacked patch antenna with liquid foam layer 
To understand the characteristics of this antenna, a parametric study of the 
antenna was undertaken, and the proposed design in Figure 4.5 was 
simulated using the HFSS version 9.2TM software package.  The simulated 
input impedance response showed that the antenna exhibited an impedance 
bandwidth of 19% (for VSWR<2) centred at 24.7 GHz when Rohacell foam 
was used as the middle layer.  The simulation was altered to reflect the 
replacement of the Rohacell foam layer with various grades of the 
ECCOSTOCK FPH material.  Changing the dielectric constant of the middle 
layer to 1.12 the bandwidth remained almost the same as that of the Rohacell 
foam.  However, when the dielectric constant changed from 1.07 to 1.25 the 
response shifted lower in frequency by almost 2% and the impedance 
bandwidth slightly changed from 19% to 18.5% as can be seen in Figure 4.7.  
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This proved that from a dielectric substrate point of view the ECCOSTOCK 
FPH material is a suitable replacement for the Rohacell foam if an accurate 
thickness can be achieved.  
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Figure 4.7 Simulated return loss of the hi-lo stacked patch antenna with varied 
permittivity 
 
Figure 4.8 shows that the measured return loss of the antennas shown in 
Figure 4.5 fabricated with both the ECCOSTOCK FPH layer, and the Rohacell 
foam layer. , For the 0.5 mm thick layer of ECCOSTOCK FPH (12-10H grade) 
the bandwidth was approximately 18.2% centred at 21 GHz. The antenna with 
0.5 mm Rohacell foam displayed a bandwidth of approximately 18.4% also 
centred at 21 GHz.   The bandwidth result is in close agreement with the 
predicted result of 19%, with a slight shift to the lower frequency range. 
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Figure 4.8 Measured and simulated return loss of the hi-lo stacked patch 
antenna with 0.5mm layer of ECCOSTOCK FPH and 0.5 mm Rohacell foam 
 
The measured gain of the two fabricated antennas compared to the simulated 
gain is shown in Figure 4.9.  The measured gain for the antenna with 0.5 mm 
ECCOSTOCK FPH layer at 21 GHz was approximately 4.6 dBi and for the 
antenna with 0.5 mm Rohacell foam was 5.4 dBi, where the simulated gain for 
the proposed antenna at 21 GHz was 6 dBi.  Both of the measured gain plots 
are fairly consistent across the impedance bandwidths of the respective 
antennas.  
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Figure 4.9 Measured gain of the fabricated two antennas at 21 GHz 
 
The predicted radiation patterns for the hi-lo stacked patch antenna at 21 GHz 
is shown in Figure 4.10.  The measured radiation patterns of the fabricated 
two antennas with 0.5 mm thick layer of ECCOSTOCK FPH and 0.5 mm thick 
layer of Rohacell foam at 21 GHz are shown in Figure 4.11 and 4.12 
respectively.  It is evident from Figure 4.11 and 4.12 that the E- and H-plane 
co-polar patterns have a similar contour to the simulated radiation pattern 
result in Figure 4.10.  However, the E- and H-plane cross-polar radiation in 
Figure 4.11 and 4.12 was higher than that in Figure 4.10.  The undulation in 
the measured patterns can be attributed to the measurement frequency being 
above the preferred upper limit of the available antenna test facility. 
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     (a)                                                       (b) 
Figure 4.10 Simulated radiation patterns at 21 GHz (a) E-plane co-pol & x-pol  
(b) H-plane co-pol & x-pol 
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 (a)                                                          (b) 
Figure 4.11 Measured radiation patterns of 0.5 mm ECCOSTOCK FPH layer at 
21GHz (a) E-plane co-pol & x-pol (b) H-plane co-pol & x-pol 
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Figure 4.12 Measured radiation patterns of 0.5 mm Rohacell foam at 21GHz  
(a) E-plane co-pol & x-pol   (b) H-plane co-pol & x-pol 
 
4.6 Hi-lo stacked patch antenna performance with 1 mm thick layer 
The bandwidth of the developed hi-lo stacked patch antenna in Section 4.4 
was 18.2 %.   In this section, an attempt was made to further enhance the 
bandwidth of the antenna in Section 4.4 by fabricating 1 mm thick layer of the 
ECCOSTOCK FPH (12-10H grade), which is the same grade as the 0.5mm 
layer used previously.  The fabrication of a 1 mm thick layer is therefore a 
direct comparison to a standard commercial thickness of Rohacell foam.  This 
was to prove once again that the ECCOSTOCK FPH is a very good candidate 
to replace the Rohacell foam if an accurate thickness can be achieved. A 
base substrate with a thickness of 0.635 mm and a high dielectric constant of 
10.2 Rogers RT/Duroid 3010 was resided on a ground plane size of 40 mm x 
40 mm.  The lower patch is a square element with the size of 2.6 mm x 2.6 
mm and is fed by a microstrip line of 0.59 mm width.  These two components  
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are etched into the copper cladding on the top of the base substrate. The top 
patch is 5.6 mm x 5.6 mm in size and resides on the underside of the upper 
substrate, which has a thickness of 0.127 mm and a dielectric constant of 2.2 
(Rogers RT/Duroid 5880).  A 1 mm thick layer of ECCOSTOCK FPH with a 
dielectric constant of 1.25 was fabricated using the same fabrication 
procedure as in Section 4.3, which separates the top and the lower patch. 
  
The simulated return loss of the proposed antenna with a 1 mm thick layer for 
varied permittivities is shown in Figure 4.13.   From the figure, it can be 
observed that when the permittivity changed from 1.07 to 1.25 the response 
shifted slightly lower in frequency and the impedance bandwidth slightly 
changed from 22.5% to 23%. The measured return loss of the fabricated 
antenna is shown in Figure 4.14.  
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Figure 4.13 Simulated return loss of the hi-lo stacked patch antenna with 1 mm 
thick layer for varied permittivity 
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Figure 4.14 Measured and simulated return loss of the hi-lo stacked patch 
antenna with 1 mm thick layer of ECCOSTOCK FPH    
 
The measured 10 dB return loss bandwidth of the fabricated hi-lo stacked 
patch antenna was 23.5% centred at 17.3 GHz. This exceeded the simulated 
result that predicted a bandwidth of approximately 23% centred at 16.6 GHz. 
The main cause of discrepancy between the simulated and measured return 
loss is believed to be due to the air gaps and layer misalignment between the 
dielectric layers which was not considered in the analysis of the antenna. The 
gain of the antenna was measured to be 5.9 dBi at 17.3 GHz. 
 
Further investigation into the formation of the ECCOSTOCK FPH could 
progress into the analysis of the surface roughness of the resulting foam 
layer.  While the spin forming techniques applied here create a relatively 
uniform thickness layer, there is a small degree of roughness associated with 
the cell structure of the foam material itself.  For the antennas tested here  
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there is little impact of this roughness.  However, at some point higher in the 
spectrum this will start to become an issue. 
 
Other areas for investigation could be to develop a method of metallising the 
top surface of the ECCOSTOCK FPH layer to enable the creation of the 
parasitic patch element. 
 
4.7 Chapter summary 
In this chapter, the fabrication techniques to create ECCOSTOCK FPH (High 
Temperature Foam-in-Place Liquid) substrate layer were proposed and 
investigated.  The fabrication of the ECCOSTOCK FPH layer was intended to 
replace the Rohacell foam especially at millimetre wave frequency where a 
thin substrate layer is required to design the antenna. The purpose of 
fabricating thin layers of the liquid foam is that the minimum standard 
thickness of Rohacell foam is 1 mm.  At millimetre waves, multilayer antennas 
incorporating foam substrates may require thickness less than 1 mm. 
 
Casting and spin forming of the ECCOSTOCK FPH material were investigated 
as methods of realising thin layers.  Spin forming was found to be the 
preferred technique for creating dielectric antenna layers.  Calibration curves 
of foam thickness versus both spin speed and time were determined and 
utilised in the fabrication of example antennas. 
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A hi-lo stacked patch antenna with a 0.5 mm thick layer of ECCOSTOCK FPH 
was fabricated and tested. The 10 dB return loss bandwidth of the antenna 
was 18.2 %.  The radiation patterns and gain were presented and discussed. 
Further fabrication of 1 mm thick layer of ECCOSTOCK FPH was made and 
used in a subsequent hi-lo stacked patch antenna antenna to provide a direct 
comparison to commercially available 1 mm thick layer of the Rohacell foam. 
The measured 10 dB return loss bandwidth of 23.5 % with a gain of 5.9 dBi 
was achieved. From the dielectric substrate point of view, this material proved 
to be a very good candidate to replace the Rohacell foam as it can be used at 
millimetre wave applications where a thin layer is required if an accurate 
thickness can be achieved. 
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Chapter 5                 
 
Conclusions 
 
5.1 Conclusions 
 
The objective of this research was to design and develop reliable methods of 
creating high frequency integratable microstrip patch antennas that maintain a 
broad bandwidth and reduced substrate mode generation.  To address this 
objective, printed antennas that mitigate spurious radiation issues when thick 
substrates are used to create the antenna were conceived.  Rigid and precise 
attachment techniques are also investigated for multilayer printed antennas 
that are compatible with MMIC technology. Finally, the novel formation of ultra 
thin foam layers was explored in this thesis.     
 
In Chapter 2, a new technique to reduce the spurious feed radiation and 
surface wave generation from edge-fed patch antennas was presented. The 
technique utilized a cavity placed behind the radiating element which was 
filled with dielectric material.  Measured results on a edge-fed cavity backed 
patch antenna showed low levels of cross polarization, making it suitable for 
dual or circular polarization applications.  An improvement in the E-plane co-
polarized pattern was also seen when compared to an edge-fed patch 
antenna fabricated on a thick substrate.  A 2 x 2 edge-fed cavity backed patch 
antenna array was also presented to highlight the advantages this new 
technique in minimising the footprint and radiation from the corporate feed 
network. The measured results displayed a considerable reduction in the 
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levels of cross polarization, a 9 dB increase in gain, and alleviated radiation 
pattern distortion due to the reduction of the spurious radiation.   
 
Further investigations into edge-fed cavity baked patches on high dielectric 
materials led to novel patch antenna which are compatible with MMICs.  A 
edge-fed patch antenna created on a high permittivity substrate with an air 
filled cavity machined into the carrier/package below exhibited enhanced gain 
and bandwidth performance. The return loss bandwidth for the edge-fed cavity 
backed antenna was 1.7 %, compared to 0.5 % for the conventional edge-fed 
patch.  Also the cavity backed gain was 1.5 dB greater than the conventional 
edge-fed patch antenna.  Further enhancement of the bandwidth was 
achieved by using hi-lo substrate structure. The bandwidth of an edge-fed 
cavity backed hi-lo stacked patch increased to 26%, whilst maintaining pattern 
integrity and radiation efficiency. 
 
The performance of a flip-chip bonded single and stacked patch versions of a 
proximity-coupled patch antenna were investigated in Chapter 3.  The flip-chip 
bonding technique applied to these antennas was proven through simulation 
and experiment to provide good impedance and radiation performance 
through the high accuracy placement of the superstrate layer.  These 
antennas display the attributes required for integration with MMICs, due to the 
high permittivity feed material.   
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A single element flip-chip antenna utilising only high permittivity ceramic 
materials displayed 4% impedance bandwidth and a gain of 4.6 dBi.  The flip-
chip hi-lo stacked patch produced very broadband performance, with a 
bandwidth of 23% centered at 13 GHz.  Highly efficient operation was also 
observed, with a gain of 8.5 dBi.  A parametric study showed how variations in 
the height of the flip-chip bumps used to affix the antenna substrates can 
affect the input impedance of the flip-chip patch antenna.  The high accuracy 
placement and rigid attachment of the upper superstrate layer via the flip-chip 
bonding technique will enables these MMIC compatible antennas to be scaled 
up to millimetre wave operational frequencies. 
 
Fabrication of an ECCOSTOCK FPH (High Temperature Foam-in-Place 
Liquid) layer was investigated in Chapter 4.  The purpose of fabricating thin 
layers of this liquid foam is to realise antennas operating in the millimetre 
wave band which employ foam layers. The ECCOSTOCK FPH layer proved 
to be a very good replacement for the commonly used and commercially 
available Rohacell foam, which comes in a minimum standard sheet thickness 
of 1mm.  Spin forming fabrication processes and calibration curves for the 
ECCOSTOCK FPH material were developed.  Hi-lo stacked patch antennas 
with 0.5 mm and 1 mm thick layers of ECCOSTOCK FPH were fabricated and 
tested to prove the usefulness of this technique. Measured bandwidth, 
radiation pattern and gain of these antennas were presented and discussed.  
The results show that the ECCOSTOCK FPH material is a ideal material both  
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electrically and mechanically for creating thin, low permittivity substrate layers. 
 
 In this thesis, several printed antennas compatible for monolithic microwave 
integrated circuits have been presented.  Each one of them utilised novel 
fabrication techniques designed to make them realisable for millimeterwave 
integration applications.  They all displayed equivalent or superior bandwidth, 
efficiency and radiation performance when compared to conventional printed 
antennas. 
  
5.2 Suggestions for future work 
 
The research presented in this thesis opened the door for future work. The 
following are some of the areas that can initiate from this research: 
 
• Investigation of scanning arrays of hi-lo cavity backed patch antennas. 
• Determination of the bonding strength of the flip-chip patch antennas. 
• Investigation of methods to increase the accuracy of the final bonding 
height of the flip-chip antennas to accurately reproduce simulated 
performance. 
• Investigate the optimal heat, pressure and ultrasonic vibration settings 
for flip-chip bonding ceramic materials to Rogers RT/duroid 5880. 
• Analysis of the surface roughness of the resulting ECCOSTOCK FPH 
foam layer, and development of techniques to reduce this roughness.  
Also to determine the effect of this surface roughness on millimeter-
wave hi-lo stacked patch antennas. 
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• Creation of a method to metallise and process the top surface of the 
ECCOSTOCK FPH layer to enable the creation of the parasitic patch 
element. 
• A demonstration of the integration of antennas developed in this thesis 
with packaged MMIC systems. 
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